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Preface

The mathematical model described in this paper is
intended primarily for use by systems engineers, and for
that reason I have adopted to a degree the viewpoint of the
systems engineer rather than that of the theoretical
physicist in 1ts development. I have made a determined Y
effort to describe the four-level Laser system in terms of
parameters which are physically measurable in the laboratory
by means of relatively simple and stralghtforward methods.
Whether or not such an approach 1s adequate to the problem
at hand remains to be determined through the actual
application of the model to physical systems.

I wish to express my gratitude to the many individuals
who have assisted me in this study. In particular, I wish
to thank Mr. Sirons, of the Navigation and Guidance
Laboratory, Aeronautical Systems Division, who sponsored the
project and supplied the equipment for the study of xenon
lanp pulses and the sample for spectroscopic analysis, Mr.
Blasingame, of the Electronic Technology Laboratory, ASD,
who performed the spectroscopy, and Professor Lubelfeld, of
the Electrical Englneering Department, Alr Force Institute
of Technology, my Faculty Thesis Adviser.

Tom G. Purnhagen
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Abstract

The Air Force is considering several pulsed four-level
Lasers for possible use in weapons systems. So far, the
advantages of these Lasers over the ruby Laser, such as
lower threshold and reduced splking, have been offset by
thelr lower efficiency. Although four-level Laser efficiency
could be maximized by experimental means, analysis by means
of a mathematlical model appears more suitable for economic
reasons. Such a model is developed in this paper by
identifying the loss mechaniems which operate in the four-
level Laser system, defining the system efficliency as the
product of six sub-efficlencles, one associated with each
loss mechanism, and deriving equations for the sub-
efficiencies in terms of physically measurable parameters
of the Laser system. The model is limited in its present
form to the representation of pulsed four-level Lasers
employing helical or annular lamp pumping, but could be
easily extended to cover othe; pumping geometries and
continuous operation.

Based on the mathematical model, a program 1s written
for the IBM 1620 digital computer which calculates the
efficiency of a pulsed four-level Laser oscillator or the

maximum efficlency and maximum gain of a pulsed four-level

vi
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Laser amplifier. The program is written in a modification
6: IBM FORTRAN, and consists of three sub-programs; one
which need only be run once, one which must be run once for
each Laser material, and one which produces the final
results. Output data from part | are listed, and detalled
operating instructions for parts 2 and 3 are given. A |
sample problem involving the design of a neodymium doped
glass Laser oscillator 1s solved to i1llustrate the use of
the model. On the basis of the model and the experience
gained in its development and testing, it can be concluded
that the efficliency of pulsed four-level Lasers will tend
to increase as length, radius, doping denslty, and pumping
energy are increased, and decrease as end reflectivities
and pumping pulse time constant are increased, within the
limits imposed by the assumptions and approximations used
in the development of the model.

The results produced by the model have not been checked
experimentally, and it is recommended that such a check be

made before the model is used in actual design problems.

vil



GE/EE/62-18
A COMPUTER MODEL FOR THE DETERMINATION
OF FOUR-LEVEL LASER EPPICIENCY

I. Introduction

The United States Alr Force 1s presently conducting
research to determine the potentliallities of the Laser as a
military weapon. Although much of the current effort 1s
centered about fhe ruby Laser, which was the first solid
state Laser developed and hence 1s the most highly
perfected, the interest of the Air Force is by no means
limited to that particular device. Numerous other materials
are also being investigated, among uhich.are various
crystals, glasses, and liquids doped with divalent or
trivalent rare earth ions.

The rare earth Lasers operate in a four-level energy
configuration (Figure 1b) as opposed to the three-level
ruby Laser (Figure 1a). A comparison of the two energy
level configurations indicates that the four-level system
has eome “‘nherent advantages over the three-level system,
among which are a lower threshold and reduced splking
(relaxation oscillations). For high power applications,
however, these advantages have been offset by the relative

inefficlency of existing four-level systems compared with
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Pumpin n
State
Ground State Ground State
Pig. 1
(a) Three-level System. (b) Four-level System.

the ruby. If the rare earth Lasers are to be useful in
weapons systems, then, it 1s important to be able to desizn
and operate them in the most efficient manner possible.

The problem of maximizing Laser efficlency can be (and
has been) approached through experimental study; that is,
through trying various combinations of physical parameters,
doping levels, end mirror reflectivities, and so forth, to
see which comblination gives the best results. This method,
although practical, is expensive and time consuming. A
better approach would seem to be to develop a mathematical
model for the Laser system, and to analytically (or
graphically) determine the optimum design prior to the
actual physlical construction of the Laser.

The remainder of this paper is devoted to the
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development of a program for the IBM 1620 digital computer
which calculates the efficlency of a pulsed four-level Laser
from the values of the system parameters and certaln
physically measurable characteristics of the Laser material
and the pumping source, Although the program and the
mathematical model from which it is derived were originally
deslgned to represent Lasers employing trivalent neodymium,
it 18 believed that the results are applicable directly to a
broad class of four-level Lasers, and that only minor
changes would be required to further extend the range of
applicability.

Chapter II of this paper ldentifies the loss mechanisms
in the four-level Laser system and defines the overall
efficiency in terms of six sub-efficiencles. Chapter III
lists the more important assumptions and approximations on
which the analysls is based, and indicates how these will
affect the range of applicablility of the model. The actual
development of the mathematlical model is presented in
Chapter IV, and in Chapter V this model is translated into
the computer program. Chapter VI illustrates the
application of the computer program to a design problem,
and Chapter VII is a summary of the results and conclusions

which may be drawn from this study.
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II. The Loss Mechanisms
Before a model can be developed to determine the
efficlency of the four-level Laser system, it is necessary
to 1dentify the loss mechanisms which are operative in the
system. This can be done by following the energy through
the system from input to output and noting the losses which

occur,

Lamp Losses

Nearly all the Laser systems now in use employ some
sort of transducer which converts electrical énergy into
photon energy to excite the active ions in the Laser itself,
In all such transducers there is some loss of energy due to
the inefficlency of the conversion process. Accordingly, a
quantlty‘IL, the lamp efficiency, can be defined as the
ratlo of the output energy of a given pumping source which
lies within a specified range of wavelength to the total

input energy to that source.

Geometrical Losses
The portion of the photon energy produced by the
pumping source which actually enters the Laser rod will

depend on the geometry of the lamp and enclosure, and to
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some degree on other factors such as the refractive index of
the Laser material and the reflectivity of the walls of the
enclosure. The remainder of the lamp output is lost energy.
For any particular pumping scheme, & quantity'nG, the
geometrical efficlency, can be defined as the ratio of the
photon energy which enters the Laser rod to that produced by
the pumping source, again within a speclified wavelength

range.

Capture Losses
Part of the energy which enters the Laser rod is used

to pump ions from the ground state to the pumping band. The
rest of the energy passes through the rod and is lost. The
amount of energy lost in this manner depends on the
dimensions of the rod, the density of active ions, and the
degree to which the absorption spectrum of the active
material matches the spectrum of the pumping source. The
ratio of the energy transferred to active ions to the total
energy entering the rod will be defined as the capture
efficiency, nc, of the system.

Relaxation Losses
When the active ions decay from the pumping band, some

of their energy is expended in the desired transition from
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the metastable state to the terminal state, while the rest
of the energy i1s dissipated in non-radiative transitions or
radiated at frequencies other than the Laser output
frequency. The ratio of the energy radiated in the desired
transition to the total energy stored in the pumping band
will be defined as the relaxation efficienoy,?lq. This
quantity is equal to the quantum efficiency € (the ratio of
the number of photons radiated at the desired frequency to
the total number of photons absorbed in the pumping process)
multiplied by the ratio of the energy of an output photon to

the average energy of the pumping photons.

Radlation Losses

Part of the energy available in the desired transition
goes into the coherent radiation field, and the rest is lost
through spontaneous emission. The magnitude of the
radlation loss depends on how quickly threshold is reached
and on the fluorescent lifetime of the metastabdble state.
The corresponding radiation efficiency, nRv is defined as
the ratio of the energy which enters the coherent field to
the total energy involved in the transition from the
metastable state to the terminal state.
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Optical Losses

Finally, some of the energy in the coherent field is
channeled into useful output, while the rest is absorbed or
scattered by the Laser rod and the end mirrors. The optical
efficlency, Y]y, can be defined as the ratio of useful output
energy to the total energy which enters the coherent field.

Overall Efficiency

If the lamp efficlency, geometrical efficliency, capture
efficiency, relaxation efficlency, radiation efficiency, and
optical efficliency of a laser system are defined as stated
in the preceding paragraphs, then the overall system

efficiency is simply the product of the six sub-efficiencies,

N=NNNNQNAo (2-1)
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III, Assumptions and Approximations

In order to keep the model from becoming enormously
complicated, certain assumptions and approximations will bde
made concerning the system and 1ts representation by the
model. These assumptions and approximations fall into
three general categories: (1) Assumptions about the geometry
and physical characteristics of the system, (2) assumptions
concerning the mathematical formulation of the efficiency
equations, and (3) numerical approximations in the computer

program.

Asgsumptions About the System
The Laser Rod. The active element in the Laser system

will be assumed to be a right circular cylinder of some
homogeneous material doped uniformly over its volume with
an appropriate active ion. The ends of the rod will be
assumed to be perfectly flat and perpendicular to the axis
of the cylinder.

Illumination. It will be assumed that the Laser rod
is illuminated uniformly over the cylindrical surface, that
the effects of reflection and refraction at the surface can
be neglected, and that the light flux entering the rod
through any element of surface area dA is diffused evenly



GE/EE/62-18

over a s0lild angle of 2w steradlians within the rod. It 1is
further assumed that the flux density in the rod 1is
independent of distance along the axis and that the flux
denslity can be calculated as if the rod were infinitely
long, implying that either the rod length is much greater
than the rod radius, or both ends have high reflectivity, or
both,

It 1s belleved that the above assumptions are
reasonably valid for most solid state Lasers pumped by
helical or annular lamps. The use of the model to represent
other pumping schemes may require some modification of the
first part of the computer program to adjust for the
difference in flux distribution in the rod.

Assumptions Used in ihe Mathematical Development

The model described in this paper 1s intended to be
applicable to a wide variety of Laser systems, and
assumptions which are valid concerning some of these systems
may be totally unacceptable when referred to others. For
this reason, the computer operator is given a considerable
degree of freedom to choose, by the way in which he uses the
model, the assumptions which he wishes to make concerning
the interrelation of varlous system parameters. Nonetheless,

there are some assumptions inherent in the development from
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which there is no escape, and which must be understood if
the results of the computer program are to be interpreted
correctly. Some of the more important of these assumptions
are listed below.

1. The population of the ground state 1s assumed to be
equal at all times to the doping density; that 1is,
depopulation of the ground state is negligible. This
assumption is valid as long as the doping density is much
greater than the inversion required for threshold.

2. The entire Laser rod is assumed to reach threshold
as soon as the average population inversion in the rod is
sufficient to sustain the dominant mode. The validity of
this assumption may vary from one materlial or geometry to
another, and should be remembersd when results are
interpreted.

3. It 1s assumed that the pumping pulse can be repre-
sented in time by the sum of two exponentlial terms. This
assumption was made after studying the time traces of xenon
lamp output pulses, and 1t was concluded that a time function
containing two exponential terms 1s adequate for the
description of the lamps studied. Its acceptability for
other pumping sources has not been determined.

4, It is assumed that all coherent output is useful
output, and no attempt is made to determine the distribution

10
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of energy among the several modes which may be excited.

Approximatione in the Computer Program
Graphical Integrations. At several points in the

computer program i1t 1s necessary to evaluate definite
integrals by graphical (numerical) means. All such

integrations are carried out by using the trapezoidal rule,

x

f %¢(x)ax =Ax[f(x‘);f(x2) + £(xy+8x) + f(xq+25x)

x

1 + ooo + £(xp-256x) + f(xg-Ax)‘l (3-1)
with one exception, a case where f(xy) is infinite. 1In

this instance, the integral 1s evaluated as

fxzf(x)dx =Ax[f(x1+Ax/2) + £(xq+30x/2)

* + oo + £(xp=306x/2) + f(xgqu/aﬂ (3=-2)
Although there are certainly more accurate graphical
integration formulas than the;e, the errors arising from
inaccurate integration are expected to be minor compared
with errors in the experimental determination of the physicel
parameters of the system which must be entered as input
data.

Representation of Spectra. Absorption and lamp output
spectra are represented in the computer program by the
values of capture cross-section and spectral power density

at intervals of .01 microns (100 X). If the actual spectra

"
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being represented have features which are not adequately
described by such a representation, some adjustment of the
input values from those experimentally determined may be
necessary.

Threghold Time. The elapsed time between the beginning
of the pumping pulse and the achievement of threshold enters
into the calculation of radiation efficiency. In the
computer program, the inversion population is examined for
threshold condition at intervals of 20 microseconds, and the
radlation efficliency 1is calculated using threshold time to
the nearest 20 microseconds. For example, 1f threshold is
actually achleved in 164 microseconds, the computer
calculates the efficliency as if the time to threshold were
180 microseconds, since that is the first time checked for
which the inversion population is sufficlent to sustain the
dominant mode.

Undoubtedly, a considerable improvement in accuracy
could be effected by a careful revision of the computer
program and the use of more exacting numerical analysis, It
is felt, however, that the program as it stands will
represent the mathematlical model adequately, and that most
of the errors encountered will arise from the inadequacy of
the model itself., Perhaps the least certain assumptions of

all are that a complex mechanism like the four-level Laser

12
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can be represented by anything as simple as the model
developed in this paper, and that the physical parameters of
the system can be measured with sufficient accuracy to yleld

meaningful results.

13



GE/EE/62-18
IV. The Efficiency Egquations

In Chapter 1II, the overall efficiency of a four-level
Laser system was defined as the product of six sub-
efficiencies. The object of this chapter is to develop
mathematical expressions for the sub-efficlencies in terms

of measurable physical parameters of the system.

Independent Varlables and Constants

For convenlience, the system parameteis will be grouped
into two general classes. Those parameters which are more
or less fixed by the choice of Laser material, pumping
method, and operating eanvironment will be called constants,
and those which are more or less under the control of the
deslign engineer will be called independent variables. From
a mathematical standpoint, there is very little difference
between these two classes of parameters; the maln difference
is reflected in the computer program 1tself by the fact that
once the constants are entered, a number of problems can be
run with different values of the independent variables
without reentering the constants. This, of course, does not
prevent the computer operator from changing constants

whenever he feels it 1s necessary.

Independent Variables. The following system parameters

14
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have been selected as independent varlables.
1. Laser rod length,./, in centimeters.
2. Laser rod radius, R, in centimeters.
3., Active ion density, P in ions per cuble centimeter.
4, End mirror reflectivities, R, and Ry, in watis per
watt.,
5. End mirror absorptivities, 4, and Ay, in vatts per
vatt.
6. Attenuation constant of the Laser rod materlal at
the Laser output wavelength, o, in nepers per centimeter.
7. Input energy to the pumping source, E{, in joules.
8. Pumping pulse decay time constant, 7y, in seconds.
Constants. The following system parameters have been
selected as constants.
1. Lamp efficiency, 'y, as defined in Chapter II.
2. Geometrical efficlency, nG' as defined in Chapter

II.
3., Lamp spectrum, p(A), in watts per centimeter.
4, Absorption cross-section, o(A), in square
centimeters.

5. Laser output wavelength, A,, in centimeters.

6. Quantum efficiency, £, in photons per photon.

7. Lower and upper limits of absorption band,nx1 and
M2, in centimeters.

15
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8. Energy difference between ground state and terminal
state, AE, in Jjoules.

9., Lifetime of the metastable state, T, in seconds.

10. Fluorescent linewidth of the metastable-terminal
transition, Af, in cycles pexr second.

11. Ambient operating temperature, T, in degrees Kelvin.

12. If the lamp spectrum is to be represented by black
body radiation, the temperature of the black body, Ty, in
degrees Kelvin,

It may seem to the reader that listing the lamp
efficlency and geometrical efficlency as constants is an
oversimplification. Certalnly the lamp efficlency will vary
with the energy of the pulse, and the geometrical efficlency
will change when the physical dimensions of the Laser rod
are altered. However, while these two quantities are not
really constant, neither is their relation to the rest of
the system parameters capable of being expressed in
mathematical terms. If the actual relationships between
these quantities and the other parameters are known, it is
possible to adjust for variations in lamp efficlency and
geometrical efficiency by applylng a correction factor to

the value of lamp input energy entered into the program.

16
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Capture Efficliency

Since the lamp efficlency and the geometrical
efficlency have been defined as constants, the first step in
the construction of the model is the development of an
expression for capture efficiency. This will first be done
for monochromatic light, calling the monochromatic capture
efficiency W,, and then extended to the general case

involving a continuous spectrum of pumping energy.

. /P00
) 4 '
K, A ¢
+_+' — ‘ 4 ‘ +
j JA q(R43)
L2 L/2 b
Flg. 2
Coordinate System for Development of the Model.

Consider a Laser rod having the geometry shown in
Figure 2. Under the assumption (see Chapter III) that light
entering the rod is uniformly spread over a solid angle of
2% steradlians, the flux arriving at point p(r,0,0) from an
element of surface area dA located at point q(R,d,z) 1is

=28 44 watts/cm? (4=1)

ay =

2wgeA

17
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where W is the total 1lluminating power, A 1ls the total
surface area, s 1s the distance from p to q, and &« is an
attenuation constant. In terms of the 1ndependent variables

and constants defined earlier in this chapter,

A = 2mR{ cm® (4-2)
s = (22+r2+R2-2rR cos ¢)* cm (4-3)
dA = R a¢ dz cm® (4-4)
® = po(A) nepers/cm (4-5)

Substituting (4-2), (4-3). and (4-4) in (4-1) and
integrating over the surface gilves the total flux at the
point p as
Y = W ¥ "'%Loc(z%r?mz-arn cos g}
= m I dz d¢
<t ~4p  224r24R2-2rR cos ¢
watts/cm2 (4-6)

Assuming that /> R, or that both ends are nearly perfectly
reflecting surfaces, and taking advantage of symmetry, (4-6)
can be written

T roe 2er24p2o %
Y = _’gz f / 2-«(2 +r<+R<=2rR cos @) az ag (4-7)
ek Jo S z2+124R2-27R cos ¢

The absorbed power density at any point in the rod is
d¥, = oy watts/cm’ (4-8)

and the total power absorbed 1is

Wy = fvdeV = 2W£¢fokWr dr watts (4-9)

18
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The monochromatic capture efficiency, by definition, is
¥ /W. Substituting (4-7) and (4-9) in this relation gives

: % _a(z2+r2+R%-2rR cos )%
Wp = %Sf f] el 4 dz d4¢ dr (4-10)
o /0 /0 z24r24R2-2rR cos ¢

Equation (4-10) can be simplified considerably by change of

variables. Let

R' = r/® (4-11)
a = (r2+R2-2rR cos @)% (4=12)
¥ = arctan (z/a) (4-13)

a' = a/R = (1+R'2-2R' cos ¢)% (4=14)

vwhen (4-11) through (4-14) are substituted in (4-10)

and the results simplified, the expression for i, becomes

1 % '
Wy = %Ri'ﬁn'fva"g o-Ra'secd) g 49 ar' (4-15)

BEquation (4-15) completely specifies W,, the monochromatic
capture efficlency, in terms of one parameter, «R. Equation
(4-5) shows, however, that & is in turn a function of the
wavelength A Hence W, is itself a function of A,

If the spectral power density of the pumping source 1s
p(A), then the total power in the spectrum between the
limits A, and Aa is

A
W =f)\12 p(A) aA  watts (4-16)

19
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The power absorbed by the Laser rod is

A2
We, ‘J; Wye(A) p(A) dAX watts (4-17)
1

Further, if p()\) is normalized so that its average value over
the range from A; to A, is unity, then (4-16) becomes

W= =)y watts (4-18)
and the capture efficliency is given by

Ng = We/¥ = xa"lx' /)\7\2 We(l) p(A) dA (4=19)
4

Relaxatlion Efficlenc
In Chapter II, it was established that the relaxation

efficiency 1s equal to the quantum efficiency € multiplied
by the ratio of the energy of an output photon to the
average energy of the pumping photons. Since the energy of
a photon is inversely proportional to its wavelength, the

relaxation efficiency is also equal to

where'Ap is the wavelength of a photon whose energy is the
average energy of the pumping photons.

For convenience, let the unit of energy in the
following discussion be the energy associated with a photon
of wavelength one centimeter (1 on~'). Then the photon

20
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density assoclated with a spectral power density p()) is
n(A) = Ap()) photons/ cm'sec (4=21)

The total number of photons absorbed per second is
| A
Ny = N Wp(A) n(A) dA photons/sec (4=22)

and the total power absorbed is

Wy = (M = Mg em™"/sec (4-23)
The average energy per photon 1is wa/Na, and the wavelength
of the corresponding "average" photon ig the reciprocal of

the energy,

Ap = Ng/ig = m f;zkp()\)wr(k) dA cm  (4-24)
Since the capture efficiency appears in the denominator of
the expression for )p, it will also appear in the
denominator of the expression for relaxation efficiency.
Further, since the model makes no direct use of either‘nc or
nQ individually, considerable time and effort can be saved
by computing the product nCnQ directly. Combining equations

(4-20) and (4-~24),
A2
M = 15y /N Ap(WE(N a (4-25)

Radlation Efficiency
The radlation efficliency was defined in Chapter II as
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the ratio of the energy which enters the coherent field to
the total energy involved in the transition from the
metastable state to the terminal state. Since all photons
emitted by lons making thls transition are of the same '
energy, the radlation efficiency is also equal to the

ratio of the number of photons contributing to the coherent
field to the total number emitted at the Laser output
wavelength,

When a pulse of energy from the pumping source 1is
applied to the four-level Laser, the population of the
metastable state increases with time until, if the pumping
energy is sufficlently high, a point is reached where the
gain of the system for the coherent field exceeds unity.
During the buildup of population, some ions are also
decaying spontaneously to the terminal state, and the
energy assoclated with the transition of these lons 1is
lost., After the threshold has been reached, however, the
coherent field builds up very'rapidly, and nearly all of
the ions which make the transition thereafter contribute
their energy to the coherent field.

To determine the radiation efficliency, then, 1t 1s
necessary to (1) obtain an expression for the population
of the metastable state as a function of time, (2) determine

the population required for threshold, (3) f£ind the time for
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which the two are equal, and (4) calculate the amount of
energy lost prior to threshold and thence obtain the
radiation efficiency.

Metastable State Population. Assume (see Chapter III)
that the pumping pulse can be represented by the sum of two
exponentlial terms,

() = 0y(e”¥%1 - ¢=t/72) yatts (4-26)

The constant Cy can be found by imposing the condition

jm?w(t) dt = E1nL joules (4=27)
0
When this is done, the value of Cy 1s obtained,
EmL
Gy = 428
1= o) ( )

The equation for the population of the metastable state is

2% = KW(t) - n/Tv 1ions/sec (4-29)
where

K = nénggglg lons/watt .sec (4-30)

If (4-26), (4-28), and (4-30) are substituted in (4=29), the

resulting equation can be solved for n, giving
= E,ﬂLY\Gch!_:b)«o Tye=t/T1 . Voe=t/T2
he(Ty-75) (Ty-0) Eig-z)

- [T%%éTT + T%E%?T e't/{} ions (4=31)
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Since this equation represents the sum total of the
population of the metastable state, the average density of
ions in the metastable state is n/V, where V is the volume
of the rod in cubic centimeters.

Threshold Condiltion. All of the preceding development
applies equally well whether the Laser system is used as
an oscillator, providing 1ts own excitation, or as an
anplifier, to bulld up an existing coherent field. The
threshold conditions, however, are different for these two
modes of operation, and since it is desired that the model
represent both the Laser oscillator and the Laser amplifier,
both threshold conditions will be developed.

When an electromagnetic wave of the proper frequency
is passed through the Laser material, if the population of
the metastable state exceeds the population of the terminal
state, the wave will be amplified by the stimulated emission
of radlation according to the equation

W(z) = Woell ~%)2 (4-32)
where z is the direction of propagation, o, is the
attenuation constant of the material, and

Y = 6326n nepers/cm (4-33)
In (4-33), An 1s the population difference between the
metastable state and the terminal state in lons per cublc

centimeter, and 632 is the capture cross-gsection between
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the two states, given by (Ref 4:A-2)

2 %
0o = mio [_(...).MITr ] cm® (4=-34)

Applying equation (4-32) to the Laser oscillator of Figure
3, the followlng relations are obtained:

N G ¥, %o

Rz
s i y————

Pig. 3

Power Relatlons in the Laser Osclillator.

Wy = wyell =% (4-35)
W3 = R1W2 = R1W1e(x-q0)£ (4-36)
iy = wgell -00) - Ryw 2 -%)L (4-37)

If the gain of the system 1s unlty, this also means that
RoWy = Ry RaW‘lez(i-%)z (4-38)

Wy

The solution of (4-38) for ¥ gives
f = 20{ - 1n(R4Rp)
24

whence, by equation (4-33),

_20,f - 1n(RyRp)
An = ‘_—2_@-574_%- (4-40)

The total ion density in the metastable state required for

(4-39)
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threshold 1s obtained by adding to An the thermal population
of the terminal state, thus

kT, 240 ;a;:%g'ngl ions/cm®  (4-41)

The threshold condition can be found from equations (4-31)

n = pe™"

and (4-41); that is, threshold is achieved when

11'—!1.22' = ng (4=42)

Threshold for a Laser amplifier will be defined as the
condition such that the net gain of the amplifier 1s unity.
Neglecting reflections at the end surfaces, and applying
equation (4-32),

¥ = a, (4-43)
ng = Fe'AE/kT + 0/0752 ions/cm” (4-44)
Again, equation (4-42) defines the required condition for
threshold.

Threshold Time. The solution of equatlion (4-42)
explicitly for time 1s & problem of considerable magnitude.
Although this solution could be obtained by iteration to any
desired accuracy, some compromise 1s necessary between
obtaining an accurate value for threshold time and keeping
the time required for calculation down to a reasonable
level. As discussed in Chapter III, the actual procedure

selected is to insert values of time at 20 miocrosecond
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intervals and check to see if threshold has been achleved.

This process will be discussed more fully in Chapter V.
Computation of Radiation Efficlency. If the time to

threshold is found to be Ty seconds for a particular Laser

system, the number of ions which will have decayed

spontaneously prior to Ty is given by

T
Ny, = [ 1 n/? dt ions (4-45)
0

Substituting the value of n from equation (4-31) and
performing the integration gilves

ENMNNQAe | 12, -1y /7yy L T22 , .-T
= Jmﬁ%ﬂ_{,ﬂ__?(‘-e 1/ 1) + 7;'7(1-8 1/72)
[7‘7 T?-T ] (1-e 'T1/")} tone  (4=46)

The total number of ions making the transition is

= Elnlﬂg);m 2o ions (4-47)

and the radiation efficlency is given by

Ny = (Np - §g)/N1 (4-48)
Substitution of (4-46) and (4-47) in (4-48) gives finally

2 2
T = 1 =gl {0 -

[*c:r 12?] (1o6 -m,/r} (4-49)
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Equation (4-49) represents the radiation efficlency of
a Laser oscillator; however, the radiation efficlency of a
Laser amplifier will depend upon how much excitation is
supplied at the inmput. If the exclting signal is very
large, the efficiency will be fairly well represented by
equation (4-49), and the gain will be very low. On the
other hand, 1f the exciting slgnal 1s very small, the
efficiency will be very low, and the gain will be higher,
An investigation of the relation between gain and efficiency
in the Laser amplifier is beyond the scope of this study.
However, so that the model will be of some use to the
designer of Laser amplifiers, two points on the gain-
efficlency curve will be calculated, namely, the efficiency
for unity gain and the gain for zero efficiency. These are
labelled the maximum efficiency and maximum gain
respectively, and it must be emphasized that the two cannot
exist simultaneously,

The gain for very small signals, from equation (4-32),
is
(63000, x=0 )4 (4-50)
where Anp .y 1s the maximum inversion achieved during the

pumping period.
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Optical Efficiency

With five of the 81x sub-efficiencles defined, elther
as constants or in texrms of the system parameters, the only
step remalning in the mathematical development of the
efficlency equations is the derivation of an expression for
the optical efficiency.

The optical losses in the system include both
attenuation by the Laser rod itself and reflector losses at
the ends of the rod (if the Laser is used as an oscillator).
Referring agaln to Figure 3, page 25, and for convenience
making the substitution

g=¥-a (4-51)
the attenuation losses in the leftward travelling wave and

the rightward travelling wave are respectively

L
Wap = L A W e8* ax (4-52)

/
Wyg = fo ooi5e8* dx (4-53)

When equations (4-36) and (4-51) are combined with (4-52)
and (4-53) and the resulting equations integrated, the total
loss due to attenuation 1s found to be

A
3

WLA = WAL-O-WAR = L (1+R1 ege)(ege-i) (4=54)

The reflector losses at the left end and right end

29



.
GE/EE/62-18
respectively are

Substitution of (4=35), (4=38), and (4-51) into the above

gives the total reflector loss as

WLR = WRI: + WRR = Wy (‘4989 +* 12/112) (4=57)
The total loss is
Wy = Wpy + Wip (4-58)
and the optical efficlency is
Mo = Wo/(Wo + W) (4=59)
where Wo 1s the output power, given by
"O = W4(1-R2-A2) = g;— (1-32-&2) (4-60)

When (4-54) through (4-60) are combined and simplified, the

resulting expression for optical efficiency becomes

_ g(1-Ro=42)
Yb‘ybn)+%mumwﬁﬁﬁtn+;mgﬂ (4-61)

The value of g can be obtained from squations (4-39) and

(4-51) as
g = =1n(RyR2)
- 2 (4-62)

Since the maximum efficliency of the Laser amplifier is
calculated with unity gain assumed, the power W 1is
independent of distance along the rod, and the total loss
(again neglecting rerlections'at the ends) 1is
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WL = d°[Wo (4-63)
The optical efficiency of the Laser amplifier is then
no = Wo/(WQ + dOQWQ) =1/(1 + O(QQ) (4-64)

The so-called "walkoff" loss has been neglected in the
derivation of the optical efficiency. Fox and Li (Ref
3:484) have shown that the walkoff loss for the dominant
modes 1in a Fabry-Perot resonator i1s negligible compared
with the attenuatlion and reflector losses. In the Laser
amplifier, the severity of walkoff loss will be determined
by the beam divergence of the exciting signal. If the input
to the Laser amplifier is the output of a Laser oscillator,

the walkoff loss will be very slight.

Summary
In this chapter, a mathematical model for the

detecrmination of Laser efficlency has been developed. The
model consists of expressions for four of the six sub-
efficiencles which were defined in Chapter II, in terms of
the measurable physical parameters of the Laser system.
These sub-efficliencles, when multiplied together and by the
lamp efficiency and geometrical efficiency, which have been
defined as constants, glve the overall system efficliency of

the four-level Laser system.
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V. Ihe Computer Progran

The mathematical development of the Laser system model
having been completed, the next step is the translation of
the model into a program for the IBM 1620 computer.

ObJjectives

In the formulation of the computer program, it has been
attempted to achleve certain objectives and conform to
certaln criteria in order to make the end product as useful
as possible. Specifically, attalnment of the following
objectives was attempted:

1. The final program should be capable of being run
on any IBM 1620 computer with card input/output, with no
optional features required.

2. The program should represent as closely as possible
the mathematical model developed in Chapter IV,

3. Execution of the program should be as convenient
as possible. Vherever practicable, the program should bde
made self-explanatory by the use of typed out messages.

4, The program should produce results fast enough to
be useful as a design aid; that is, during one reasonable
period of operation, it should be possible to calculate

the efficlency of several combinations of system parameters.
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Language

The program has been written in a modification of the
IBM FORTRAN language devised by 18t Lt. Pratt of the Air
Force Institute of Technology Mathematics Department.

There are a few differences between this language and
standard FORTRAN, the more important from the programmer's
standpolnt being the following:

1. Format specification is not required on input
statements, unless it is desired to prevent the reading of
some of the data on a card.

2. The automatlic typewriter carriage return at the
beginning of each PRINT statement has been deleted, allowing
a full 87 character line to be typed by two successive
PRINT statements,

3. Trace instructions are automatically complled, and
the resulting object program is at least as short as the
same program compiled in standard FORTRAN without trace
instructions.

4, The subroutines have been shortened so that the
object program begins at storage location 08000.

These differences have been noted here to indicate that
some changes in the source program statements may be
required if it is desired to complle the program developed
in this chapter in standard FORTRAN.
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To meet the first objective set forth above, the
program must be capable of being run on a computer having
a 20,000 digit memory. To meet this objective, it was
necessary to split the program into three smaller programs
which are run consecutively. The divisions have been
arranged so that part 1 of the program is completely
independent of the system parameters, and need only be run
once. The output of part 2 is dependent only on certain of
the system parameters which have been defined as constants,
and this part need only be rerun when the constants involved
are changed. Part 3 is that portion of the program which
accepts the values of the independent variables and
calculates the final results,

The intermedliate data represented by the outputs of
part 1 and part 2 of the program are stored on cards and
read into the computer at the beginning of execution of the
following part. Thus if it 1s desired to investligate the
effect of changing certaln varlables in a system, and part
2 of the program has, at some previous time, been run using
constants appropriate to the Laser material involved, 1t is
only necessary to read the appropriate card deck into part 3

and enter the desired values of the variables,
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Part 1

Yart 1 of the computer program conslists of the
necessary instructlions to effect the solution of equation
(4=15),

1 % '
W, =22 [ g /a1 o~ (XBa'secl) iy d¢ aR'  (4=15)
T b Jo 0

A block dlagram of the program is shown in Pigure 4. The
program first constructs a table of the values of the inner
integral for values of the parameter XRa'. Integration is
done by the trapezoidal rule, equation (3-1), and the
interval A used 1is T/100. The integral 1s computed for
values of xRa' from zero to ten at intervals of 0.05, and
the resulting values are stored as a subscripted variable.
The next integration is carried out with &R and R' as
parameters. Integratlon is accomplished using equation
(3-2) (rectangular elements of area), and A is %/100. R'
is allowed to vary from zero to one in steps of 0,05, and «R
takes on values from 0,01 through 10.24, each of which
(except the first) is V2 times the preceding value. The
last integration uses the trapezoldal rule, OR' being 0,05,
The output consists of a set of values of W,, one for each
value of aR, punched one to a card (21 cards). The actual
source statements used in the compilation of this and the

other two parts of the program are listed in Appendix A.
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Part 1 of the program requires 13 hours for execution,
and since it has already been run, there is no need to
run 1t again unless it is desired to alter the logic in
some way. The required cards for input to part 2 may be
punched manually, and if this 1s done, the cards should be
punched in columns 2 through 14 as follows:

«19397179E~01
«27209617E=01
. 38035933E-01
«52906180=-01
+73180046E-01
«10051629E+00
. 13685365E+00
.18418166E+00
« 24438795E+00
+ 31849994 E+00
.40594415E+00
+5036104TE+00
«60531516E+00
«70225637E+00
«78571970E+00
.84970604E+00
.89381930E+00
.92186415E+00
«93919806Z+00
«94753762E+00
«94845226E+00

The monochromatic capture efficiency W, ranges from
about 2 percent for aR = 0.01 to about 95 percent for
oR = 10,24, It is believed that this range suffices to
represent most commonly used four-level Laser systenms,

If it 1s desired to run this part of the program in
the future, all that is required on the part of the operator
is to load the program and press PUNCH START and START.
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Accept
&, N o hos Xy
Accept Read
- Switeh 1 ‘ -
Tr. (M), p(A).
‘ _—
\ !
Generate Read Normalize |
p(A). a (). p(N).
- Compute Set Read B
Y repeat
20 times
Punch Multiply
Plg. 5

Block Diagram of Part 2 of Computer Program.
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During executlion of the program, several error messages
will be typed out, such as ERROR E4 and ERROR F5. These
messages arise from computations of the form
y = o"(1/0) (5-1)
and should be 1gnored, as the correct value of y, namely,
zero, results from this computation.

Part 2

Part 2 of the computer program accepts the output
cards from part 1 and soﬁe of the system parameters which
were defined as constants in Chapter IV, and computes the

solution of equation (4-25),

A2
Moy = == f Ap(A X 4=
oy ToNTs Ja, p(AWL (N4 (4-25)

A block dlagram of the program is shown in Figure 5. After
accepting via the typewriter the values of €, )4; 12, and )b'
the program determines, from the setting of a console

switch, whether the operator wlshes to enter the lamp
spectrum explicitly or allow it to be represented by black
body radiation., In the former case, the program reads the
values of 6 and p for the range from A, to )2 from cards
which have been manually punched with the appropriate values,
It then normalizes p(A) so that its average value is unity.

In the latter case, only 6(A) is read from cards, and the
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computer generates the black body radlation function

. ¥
PN = e (5-2)

at a temperature selected by the operator, where XK is
adjusted so that the average value of p(A) is unity.

Next, the program reads the output cards from part 1
and 1nterpolates the table of Wy to obtaln the correct value
for each wavelength, with yR as a parameter. PR is allowed
to vary from 0.001x102% to 1,024x10%° cm'a, vwith each value
(except the first) being Y2 tinmes fhe preceding value, The
range of 0 which the program will handle without distortion
varies with PR. Values which result in &R less than 0.01
are assigned W, = 0, and those which result in values of oR
greater than 10,24 are assigned the highest value in the
table, Wy = 0.94845226, The particular range selected was
designed to fit the trivalent neodymium ion, which has a

20 cm® (Ref

peak absorption cross-section of about 8x10”
1:196).

The integration is performed by the trapezoidal rule
with A\ = .01 micron., The output consists of a value of
ndﬂq for each value of PR, punched one to a card (21 cards).

Operation. The operation of part 2 of the program is
as follows: After the program is loaded and the START dutton

pressed, the followlng message 1s typed:
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SWITCH 1 ON T0 REPRESENT LAMP SPECTRUM BY BLACK BODY
RADIATION, PUSH START.

and the computer halts. After this 1instruction has been
complied with, the following message 1s typed:

ENTER QUANTUl EFFICIENCY.
The quantum efficiency of the Laser materlial is entered as a
decimal fraction. The following message 1s then typed:

ENTER LIMITS OF ABSORPTION SPECTRUM IN MICRONS,
The linmits )1 and Aa are entered; the order of their entry
is lmmaterial. The following constraints are placed on the
values of these limits:

1. Ap = Ay must be an integral multiple of .O1
microns.

2. Ap =X must not exceed 1 micron.
After these values have been entered, the following message
is typed:

ENTER LASER OUTPUT WAVELENGTH IN MICRONS,
o 1s then entered.

At this point, if console switch 1 is on, the following
message 1s typed:

ENTER BLACK BODY T3EMPERATURE IN DEGREES K.
Ty 1s entered, and the black body radiation function is
generated. The program will then read from cards the

values of o6(\). The input cards must contain ONLY the values
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of @ 1in units of 10-20 cm?

y punched one to a card, and
arranged in order of increasing wavelength from )& to )2
inclusive., Yach card read will be assoclated with a wave-
length 0.01 microns longer than the previous card, and the
program will read exactly Z;%%i + 1 cards.

If console switch 1 is.off, the program will read from
cards the values of 6(A) and p(A). The cards must be
punched with two numbers each, the first number being &(H)

in 10'20 cm2

and the second being the spectral power density
p in any units desired (the computer will normalize the
spectrum). The wavelength value associated with each card
and the order of the cards 1s as described in the preceding
paragraph.

At this point, the output cards from part 1 will be
read, and the remainder of the prograw will proceed without
further intervention by the operator. The total running

time for this part of the program (using an absorption band

0.6 microns wide) is about 25 minutes.

kart 3

rart 3 of the program accepts the output data from
part 2 and the remalining constants and indevendent variables,
and computes either the efficlency of a Laser oscillator or

the maximum efficlency and maximum gain of a Laser amplifier,
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depending on the setting of a console switch., A block
diagram of part 3 is shown in Figure 6.

At the beginning of the program, the output cards from
part 2 are read, the constants AE, X5, T, Mg, Vg, Af, and
T are accepted, and some intermediate constants are
computed to save time later in the program., The varlables
Ogand.p are accepted, and the thermal population of the
terminal state,

Py = pe'AE/kT (5-3)
is computed. The variables R and f ere accepted, and a
check 1s made to see 1f .001 €gRx10720€ 1,024, If not,
new values of.p, R, and 0 are requested.

At this point, if console switch 1 is on, the
population required for threshold 1s computed from equations
(4-44) and (5-3) as

ny = py + %/0%2 (5-4)
If the switch is off, Ry, 4, and A are accepted. R; is
assumed to be 1 -~ A4 (no transmission through one end), and
the threshold populatlon 1s calculated using equations
(4=41) and (5-3),
ng = py + ——7_2%2 ;a;:(fhne) (5-5)
The values of Eq and 7 are then accepted. The value

of T5 is calculated as T3/10.35. This ratio was arrived at
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on the basis of oscilloscope traces of the output of a

General Electric FT-506 helical xenon flash lamp, and is

the ratio of time constants which produces a power maximum

at time t = ¢% . Some of the

oscilloscope photographs

used as the basis for the selection of the time constant

ratio are shown in Figure 7.
50C Jjoule pulses, the input
voltages and capacitances
being, from top to bottom,
(1) 1225 v, 672 mt.
(2) 1000 v, 1008 Mf.
(3) 567 v, 1344 mf.
(4) 735 v, 1680 mf.
Lthe time scale is 1 cm=.5 ms.
If for any reason it is
desired to change the ratio,
it is only necessary to
reflect the change in
statement number 120 in the
source program (see Appendix
A),

it 18 interesting to

The traces shown are all of

Pig. 7

Typical Output Waveforms
of the G.E. PT-506 Lamp.

note that for the lamp checked, T; in microseconds 1is

approximately equal to the capacitance in microfarads.
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daving obtained the values of all of the systen
parameters, the program interpolates tiae table of ndﬂQ to
obtain the correct value for the radius and ion density
entered, and proceeds to calculate the metastable state
population at lntervals of 20 microseconds, comparing each
result with the value of n;. If threshold is not reached
in 640 microseconds, a message 1s typed indicating that
more energy is required. The time for which the value of
the metastable state population (n/V) first exceeds or
equals ny is considered to be Ty, the threshold time, and
either the efficlency, equations (4-49), (4-61), and (2-1),
or the maximum efficlency and maximum gain, equations (4-49),
(4-64), (2-1), and (4-50), are computed, depending on the
setting of console switch 1, In the computation of maximum
gain, the metastable population 1s computed at 20 microsecond
intervals until a value is found which is less than the
previous value. The higher value 1s then used to compute the
maximum gain. If the population is still increasing at
t = 640 microseconds, the value of n corresponding .to
t = 640 microseconds 1s used in the computation.

After typing the results, the computer will halt.
Pressing the START button returns the program to the point
where o, was entered, and the cycle repeats.

Operation., The operation of part 3 of the program is
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as follows: After the program has been io0aded and the START
button pressed, the output cards from part 2 are read and
the following message is typed:

ENTER ENERGY DIFFERENCE BETWEEN GROUND STATE AND
TERMINAL STATE IN RECIPROCAL CH.

The value of AE 1s entered, and the following message is
typed:

ENTER LASER OUTPUT WAVELENGTH IN MICRONS,
) 18 entered, and the following message is typed:

ENTER LIFETIME OF METASTABLE STATE IN MICROSECONDS.
T 15 entered, and the following message 18 typed:

ENTER LAMP EFFICIENCY, GEOMETRICAL EFFICIENCY.
Ny, and Yi; are entered. It should be remembered that in the
determination of nL, only the portion of the spectrum
between >ﬁ and AQ is considered as useful output. After
these values have been entered, the following message is
typed:

ENTER FLUORESCENT LINE JIDTH IN CYCLES PZR SECOND.
Af i1s entered, and the following message is typed:

ENTER OrERATING TEMPERATURE IN DEGRZES K.
T is entered, and the following message is typed:

ENTER ATTENUATION CONSTANT OF HOST MATERIAL,
Aoy in nepers/cm, is entered, and the following message 1s

printed:
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ENTER DOPING DENSITY IN IONS PER CC. _
P is entered, and the followling message is typed:

ENTER ROD RADIUS AND LENGTH IN CM.
R and £ are entered, and a check is made to see if PR is
within the acceptable range. If not, the followlng message
is typed:

RHO R OUT OF RANGE
ENTER DOPING DENSITY IN IONS PER CC.

As soon as an acceptable combination of o and R has been
obtained, the following message is typed:

SWITCH 1 ON POR AMPLIFIER, OFF FOR OSCILLATOR,
PUSH START.

If console switch 1 1s set to the ON position, the remainder
of the program will calculate the maximum efficiency and
maximum gain of a Laser amplifler. If the switch is set to
OFF, the program will calculate the efficliency of a Laser
oscillator.

After the switch has been set and the START button
depressed, 1f switch 1 is off, the following message 1is
typed:

ENTER REFLECTIVITY OF OUTPUT END.

Ro is entered, and the following message is typed:

ENTER ABSORPTIVITY OF CLOSED END, OUTPUT END.

Ay and A, are entered. If switch 1 1s on, the reflectivities

and absorptivities are not required by the program (assumed
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zero), and the preceding two messages are omitted. In any
event, the following message is then typed:

ENTER LAMP ENERGY IN JOULES AND DECAY TIME CONSTANT
IN NICROSECONDS.

Ey and ?1 are entered, the computer proceeds to compute the
metastable population, and the results are compared with the
threshold condition. If threshold is not reached, the
following message is typed:

THRESHOLD NOT REACHED, INCREASE LAMP ENERGY.

ENTER LAMP ENERGY IN JOULES AND DECAY TIME CONSTANT

IN MICROSECONDS,

When a value of lamp energy has been obtalned which produces
the threshold condition, the followlng message is typed:

TIME T0 THRESHOLD = XXX MICROSECONDS
The efficliency (switch 1 off) or maximum efficiency and gain
(switch 1 on) are computed, and the results are printed in
the appropriate one of the following two formats:

EFFICIENCY = X, XXXXXXXX PERCENT,

MAX. EFFICIENCY = X, XXXXXXXX PERCENT, MAX. GAIN =
)0.0.49.0.000004

After printing the results, the computer halts. A new set
of independent variables may be entered by pressing the
START button, The running time for part 3 is about eight
minutes for the first set of parameters, and two to three
minutes for each subsequent set of independent variables,

including time required to manually enter the required data.
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Summary

In this chapter, a computer program has been described
which calculates the efficiency of a Laser oscillator or
the maximum efficiency and maximum gain of a Laser amplifier
from the values of the system parameters. The program can
be run on any IBM 1620 computer which has card input/output,
and follows closely the mathematical model developed in
Chapter IV, It is convenlent to use, and has been made
almost completely self-explanatory by the use of typed out
messages. After about 30 minutes of precomputation, the
program wlll process a set of independent variables and

print the results in two to three minutes,

53



GE/EE/62-18
VI. A Sample Problem

This chapter is an 1llustration of how the computer
model developed in the preceding chapters might be applied
to a design problem. It is not intended to be an actual
analysis of any specific Laser system, existing or proposed,
although an effort has been made to make the values of the
constants used in the sample problem conform as closely as
possible to the known characteristics of the materials
involved. In some cases, these constants were actually
measured by the author, in other cases they were extracted
from the literature, and in still others, they represent
pure guesswork.

Nonetheless, it is belleved that all of the system
parameters used in the model are physically measurable, and
it would be interesting to actually measure these quantities
for a real Laser system and compare the measured efficiency
under various conditions with the efficiency predicted by
the model. Unfortunately, such a comparison is beyond the
scope of this study (see Appendix B).

The Problem

It is desired to design a Laser oscillator consisting
of a rod of glass doped with trivalent neodymium and pumped
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by an annular xenon flash lamp. The inner surface of the
lamp is to be in contact with the rod, and under these
conditions the maximum energy per pulse allowed will be
given by

Ep,e = 100R joules (6=1)
The lamp efficiency in the range .3 to .9 microns is 25%,
and the geometrical efficiency of the pumping scheme is 72%.
It is desired to maximize the energy output of the Laser,
subject to the following restrictions:

1. The length of the rod will be 25 cm,

2., The minimum radius of the rod is 0.3 cm,

3. The maximum radius of the rod is 1.2 cm.

4, The doping density is 7x1019 1ons/cm3.

5. The reflectivity of the output end, to achieve the
desired mode selection, must be at least 507%.

Assume that the ends of the rod are to be coated with
multiple layers of dielectric, and that the characteristics
of these surfaces are given by

4y = 0,002Ry, n =1, 2 (6-2)
and that the lamp decay time constant T; is given by

Ty = 4B1x10”7T seconds (6-3)
Further assume that the lamp spectrum can be fairly well
represented by black body radiation at 7000°K.

A sample of the Laser material is produced, and
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measurements made which indicate the following values for

the physical properties of the material:

7, = 1.062 microns

€=0.34
AE = 1930 cm”
T =0.,48 ms
& = 1.19x10"
Xy =

¢()\) as given in Table I

1

3 cps

0.015 nepers/cm

Table I -20 2
Absorption Cross-sections of Materlal in 10 cm©,

A o A q A & A -3
«30 0. A6 0,027 .61 0.300 .76 1.460
1 0. AT 0.030 .62 0. A7 0.352
32 0. A48 0,033 .63 0, .78 0.278
.33 O, A9 0. .64 0. 79 1.050
.34 0. 50 0.200 .65 0. .80 3.380
35 0. .51 0.740 .66 0. .81 5.750
.36 0. .52 0.860 .67 0,053 .82 1.300
37 O, 53 1.810 .68 0.214 83 0.374
.38 0. HS4 0,270 .69 0.181 .84 0,032
039 o. 055 o. 070 Oo 085 03032
40 0, .56 0.064 .1 0. 86 0,342
A1 O. ST 1.300 72 0,032 87 0.779
A2 0. .58 5,820 T3 0.370 .88 1.410
A3 0,117 59 8.000 T 3.230 .89 0.565
A4 0. .60 1.880 .75 3.760 90 0.235
45 0,075

The values of absorption cross-section in Table I are
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those actually measured by the author for a neodymium doped
lead glass sample furnished by the Isomet Corporation,
using a Cary Model 14 spectrophotometer. The values of 7
and Af were obtained from a paper describing experiments
with neodymium doped barium crown glass at the American
Optical Company (Ref 2:364, 366). The value of A,
corresponds to a fifty percent loss in about 46 cm, The
quantum efficiency is admittedly a guess on the part of the
author,

If it is now assumed that the Laser rod will be operated
at room temperature (300°K), enough information is avallable
to compute efficiency as a function of radius and output end
reflectivity. Multiplication of the resulting efficiencies
by the appropriate lamp energies will give the output

energles,

Solution

The parameters of the system described above were
entered into the computer model and the efficlency and
output energy calculated for ten values of R between .3 cm
and 1.2 cm, and for five values of R, between 0.5 and 0.9.
The resulting efficiencies and output energies are listed in
Tables II and III on the following page. The total time
required to compute the fifty efficiencies, including the
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time required to warm up the computer and load the programs,

was slightly less than two and one-half hours,

Table II
Percent Efficlency vs. Radius and Reflectivity.

R(cm) R2=.5 .6 07 08 .9
3 286 o241 193 137 073
oA «335 .282 224 .159 .084
5 373 315 .251 178 .095
.6 405 341 273 <193 103
o7 428 363 .290 206 .110
.8 R ¢ 382 306 .218 116
9 _ 462 _ <396 37 .226 121

1.0 865 T\_ 407 _ .328 234 «125

1.1 446 408 T\_ _.336 _ 242 .129

1.2 # 400 0339 '\  .246 133

#Thresnold not reacned.

Table III
OQutput Energy in Joules vs. Radius and Reflectivity.

R(cm) R2=o5 06 oT 08 09
3 2.14 1.81 1.45 1,03 0.55
o4 3.35 2.82 2.24 1.59 0.84
5 4,66 3.94 3.14 2.23 1.19
.6 6.08 5.12 4,09 2.90 1,54
.7 T.49 6.35 5.08 3.60 1.93
.8 9.94 7.64 6.12 4,36 2,32
.9 _ 10,86 9,31 T.45 531 2.84

1.0 71063 ™\_10.18 _ 8,20 5.85 3.13

1.1 12,26 T1722 "\_ 9,25 _  6.65 3.55

1.2 0.00 12.00 10,17 \ 7.38 3.99
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An examination of the tables shows that the maximum output
energy is obtained when the radius is 1.1 cm and the output
end reflectivity is 0.5. A Laser designed using these
values of R and Ry should produce 12.26 joules of output
with an overall system efficlency of 0.446 percent. The
maximum efficiency, on the other hand, is given by making
the radius 1,0 cm and the output end reflectivity 0.5. 4
Laser built using these values should produce 11.63 joules
of output with an efficiency of 0.465 percent.

One feature of the computer model which 1s not evident
from Tables II and III 1s that the computer prints the value
of Ty, the time to threshold, for each set of variables
entered. This gives the operator a qualitative idea of how
close to threshold the Laser system would operate under
given condlitions. 1In the sample problem above, the designer
mizht wish to malntaln a safety factor to insure that the
Laser constructed would actually reach threshold even though
'some errors might be present in the measurement of the
parameters or in the assumptions made.

One way to do this 1s to restrict the acceptable
combinations of R and Ry to those which reach threshold in
less than a certain specified time period. If, as an
example, no solutions are considered for which T1 is greater

than 200 microseconds, the combinations of R and R2 located
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below and to the left of the dashed llnes in Tables II and
III must be eliminated from consideration. If this
restriction is adopted, the maximum efficiency (0.462%) and
maximum output energy (10.86 j) both occur when R=0,9 and
Ro=0,5.

In the sample problem above, the efficlency and output
were calculated for all vossible combinations of the two
variables being optimized. This was done merely to
1llustrate the variation in efficlency and output over the
entire range of possible combinations of R and Ry, 1In an
actual design application, it would probably be quicker and
more satisfactory to use a "hill-climbing" method of
optimization, particularly if several parameters were to be
allowed to vary. In the problem above, the optimum values
of R and Ry could have been obtained in fifteen tries rather
than fifty, even 1f the worst possible starting point had
been selected and all possible mistakes in Judgement made.,
Care must be eiercised in the use of this method, however,
to avoid ending on top of the wrong "hill", If the 200
microsecond maximum is imposed on T, it is possible to
obtain, by the hill-climbing method, an optimum solution of
R=1,2 and R,=.8, for an output of omly 7.38 joules at an
efficlency of 0.246 percent. Even without the limit on T,
an optimum solution of R=1.2, Ry=.6 might be reached, giving
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an output of 12 joules at 0.4 percent efficliency. The more
closely spaced are the test values of the variables, the

less is the chance of arriving at a false maximum by the

hill-climbing method.
sSummary

In this chapter, the use of the computer model was
1llustrated by the solution of a hypothetical design problem
in which some of the independent variables were assigned
fixed values, others were constralined to lie within certain
limits, and still others were made functions of other
variables. The flexibility of the model was demonstrated
by optimizing the variables with respect to output energy
rather than efficlency, and by introducing the possibility
of maintaining a safety factor to insure the achievement of
threshold., Fifty trial solutions were obtained, and the
total computer operating time for part 2 and part 3 of the
program was less than two and one-half hours. The use of
"hill-climbing" techniques in the optimization process was
suggested as a means for making the solution even faster,
although it was pointed out that this method may lead to
false solutions if care 1s not exercised,

The computer printout obtained in the solution of the
sample problem 1s included in this paper as Appendix C.
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VII. Results and Conclusions

The main result of the study described in this paper
is, of course, the mathematical model and assoclated
computer program for the determination of four-level Laser
efficiency. Unfortunately, time limitations have prevented
the application of the model to any actual problems existing
today in the Laser design field. DNonetheless, some
conclusions may be drawn from the model and from the
experience gained in its development and testing regarding
the probable effect of changing each of the independent
variables in a Laser system on the system efficiency. Some
of these effects have already been physically observed, and
thls fact lends support to the validity of the model. 1In
general, it can be sald that, within the limitations imposed
by the assumptions and approximations used in the develop-
ment of the model, the system effliclency will:

1. Increase as the Laser rod length is increased.

2. Increase as the Laser rod radius is increased.

3. Increase as the doping density 1s increased.

4, Decrease as the end reflectivities are increased.

5. Increase as the pumping energy is increased.

6. Decrease as the pumping pulse decay time constant

is increased,
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No attempt has been made to make the model applicable
to continuous operation of the four-level Laser, or to the
so-called pulsed reflector and hair-trigger modes of
operation., It is belleved, however, that the basic
mathematical development is applicable to all of these
conditions, and that only minor changes in the computer
program would be necessary in order to be able to represent
them by the model.

Some thought was given to the possiblility of making the
program self-optimizing; that is, writing the program in
such a way that it would perform automatically the hill=-
climbing optimization referred to earlier with respect to
any or all of the independent variables, within limits set
for each variable, and print as output not only the maximum
obtainable efficlency, but also the optimum values for the
variables, It was felt, however, that this approach could
not be Jjustified, for the following reasons:

1. The time required for the 1620 computer to
accomplish an adequate optimization by the hill-climbing
method, particularly if many variables were allowed to change
and small increments of each variable were used, would
probably be quite long.

2. It would be very difficult to make the program

general enough to allow for interrelations among the
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variables, such as those postulated between rod dimensions
and lamp parameters in the sample problem of Chapter VI.

3. The previously mentioned possibility of arriving
at a false optimum point through the use of hlll-climbing
techniques would require the results of a self-optimizing
program to be interpreted with extreme skepticism.

4, The present program (part 3) uses most of the
memory of the 1620, and it is doubtful that self-optimization
could be included in a program which would fit in a 20,000
digit memory.

In conclusion, it should be stressed agailn that the
computer model described in this paper has not been checked
against any experimental results, although it 1s known that
it does predict the correct order of magnitude of efficlency
and threshold for neodymium doped glass Lasers., Before the
program 1s used in actual design problems, it is strongly
recommended that at least some experimental verification of
its adequacy be obtalned. This project, along with others
which the author feels are necessary in the Laser fleld, is
included in Appendix B, a list of suggested topics for |

future research,
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Appendix A

FORTRAN Program

PART 1

PART 1, L~LEVEL LASER EFFICIENCY AND GAIN PROGRAM (1BM 1620),
THIS PROGRAM CALCULATES THE CAPTURE EFFICIENCY VS, RADIUS TIMES
ATTENUATION CONSTANT,
RUNNING TIME APPROXIMATELY 780 MINUTES
DIMENSI@N F(201),FRP(21)
1 FORMAT(E14,8)
sn-sqartz.s
BETA=
YAy =1, 201
Fly )-.015767963~£xw-sm)
GAMMA=, 031415927
09 102 Ju1,h9
FCL)mFO1)4n 031415927 EXP( ~BETA/CHS! GAMMA) )
102 GAMMAsGAMMA+,031415927
101 BETA=BETA+,05
ALPHR=,01
08 110 J=1,21
RPac,
109 Ke1,2
mn-‘-'.‘otsni

o2
Am,05
0. 106 L=1,100
APR=SQRT( 1, +#RP¥¥2-2, ¥RP¥CHS(PHI))
BETA=ALPHRWAPR
08 124 l=h,201
IF{BETA~A) 125,126
125 FOFAF( | )=(F( I)—rh-n)na—szml 05

G# 12‘
126 FOFA=F( |

G Oh
127 FRP(K)-FRP(K)+.031“I5927*FOFAIAPR

Mo i
106 PHI=PHI+,031415927
104 rnpm-rap(x)mm*np
109 RPeRP4,0
aa‘.n; rawnmmm/z.
103 REL AWREL AaPRPON)
WREL \mum.usm
PUNCH 1,WR
110 u.rm-n’.pmsa
STeP
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PART 2
c PART 2, 4=LEVEL LASER EFFICIENCY AND GAIN PRAGRAM {1BM 1620),
c THIS PROGRAM CALCULATES THE PRODUCT @F CAPTURE EFFICIENCY AND
c RELAXATION EFFICIENCY VS, RADIUS TIMES DBPING DENSITY,
c RUNKHING TIME APPROXIMATELY 25 MINUTES,

NI LW =

102

101

103

104

107
106

108
109
1o

DIMENSIGN H(101),SIGMA(101),F{101),W 101),WRELA(21)

FORMAT E14,8)

FORMAT! /41HSWITCH 1 N T# REPRESENT LAMP SPECTRUM BY)
FORMAT/ 341 BLACK B@DY RADIATION, PUSH START,/)
FORMAT;742HENTER BLACK B@DY TEMPERATURE IN DEGREES K,)
FORMAT{/L7HENTER LIMITS OF ABSORPTION SPECTRUM IN MICRONS,)
FORMAT |/41HENTER LASER GUTPUT WAVELENGTH IN MICRONS,)
FORMAT /25HENTER QUANTUM EFFICIENCY,)

PRINT 2

PRINT 3

PAUSE

PRINT 7
ACCEPT,E

PRINT &
ACCEPT, WV1,WV2
IF wv1-w23101,101, 102
XaWV1

WV lsWV2

WV2eX

PRINT 6

ACCEPT, ¥

XuWV

IF{SENSE SWITCH 1)103,104
PRINT &4

ACCEPT,T

D¢ 105 l=1,101
READ,SIGMALE)

H | )ml XRen(=8))/{EXP! 14496,35/(T*X))=1,)
XuX+,01 |
IF{X~-wv2)105,105,106
CONT I NUE

Dg 107 i=1,101
READ,SIGHAE ), H(L)
XuX+,01
IFi{X=WV2)107,107,106
CONT I NUE
EUT-;HII)+M(I))/2.

08 108 Ke2,J

SUM=SUM+I! K)

09 109 K-l’l
HIK)oHIK)* ! WV2=WV1) /1 ,01%SUM)
D9 110 Kel,21

READ 1, WRELA{K)

SRaSQRT( 2, )

RHIR= 001

DG 111 Kwi,21

00 112 L=t |
FfL);RHOR*§IGMA(L)

XaWV
00 120 L1,
ALPHR=,01

06 113 Me1,21
IFCALPHR-FIL)) 113,114,115
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OO0

13
11h
115
17
118
120

119

N2 OWONOWVIEWN =

- b =t

ALPHR=ALPHR¥*SR
VGU(L)-NRELA( MY*HIL )*X

g T8 120
IF(M=1)117,117,118
W(L)=0,

G T@ 120
WL )=WRELA(M)=(LOGCALPHR/F(L))*(WRELA(M)=WRELA!M=1))/LBG(SR))
WL )W L)*HIL)*X

XX, 01

SUMs= Wl 1)+W(1))/2,

08 119 L=2,J

SUMs SUMW( L)

ETAs, 01 SUMRE/ (WV*(WV2=WV1))
PUNCH 1,ETA
RHOR=RHOR¥ SR
STEP

END

PART 3

PART 3, U-LEVEL LASER EFFICIENCY AND GAIN PROGRAM {1BM 1620),
THI'S PROGRAM CALCULATES THE TIME T9 THRESHSLD AND EFFICIENCY OF A
LASER SCILLATOR AND THE TIME T@ THRESHSLD,MAXIMUM EFFICIENCY AND
MAXIMUM GAIN OF A LASER AMPLIFIER,
RUNNING TIMES ;APPROXIMATE) - PRECBMPUTATION, 2 MINUTES,
GSCILLATOR PROBLEM, 3 MINUTES, AMPLIFIER PR@BLEM, 2 MINUTES,
DIMENSION ETA(21),GAMMA(32)

FORMAT -/ 3WHENTER ROD RADIUS AND LENGTH IN CM,)
FORMAT(/33HENTER REFLECTIVITY §F SUTPUT END,)

FORMAT(/5THENTER LAMP ENERGY IN JBULES AND OECAY TIME CONSTANT)
FORMAT .17H N MICROSECONDS,)

FRMAT./36HENTER DBPING DENSITY IN I1ONS PER CC,)
FORMAT /4 1HENTER SPERATING TEMPERATURE IN DEGREES K.)

FORMAT ./LSHSWITCH 1 ON FOR AMPLIFIER, SFF FOR §SCILLATOR)
FORMAT(13H, PUSH START,/)

FORMAT(/BSHENTER ASSBRPTIVITY §F CLOSED END, SUTPUT END,)
FORMAT.//19HRH® R QUT §F RANGE,/)

FORMAT(//UUHTHRESHOLD NOT REACFED, INCREASE LAMP ENERGY,/)
FORMAT{/WWHENTER ATTENUATION CONSPANT OF HEST MATERIAL.)

FORMAT (E14,8)

FORMAT//19HTIME T9 THRESHELD =,F5,0, 1kH MICROSECONDS, )
FORMAT /1 2HEFFICIENCY =,F11,8,98 PERCENT,)

FORMAT . /17HMAX, EFFICIENCY =,F11,8,21H PERCENT, MAX, GAIN =,F12,7)
FORMAT! 7hGHENTER LAMP EFFICIENCY, GESMETRICAL EFFICIENCY,)
FORMAT(/SOHENTER FLUSRESCENT LINE WIDTH IN CYCLES PER SECOND,)
FORMAT(/SUHENTER LIFETIME OF METASTABLE STATE IN MICROSECONDS,)
FORMAT ;/ABHENTER ENERGY DIFFERENCE BETWEEN GROUND STATE AND)
FORMAT 33 TERHIUAL STATE IN RECIPROCAL CM,)

FORMAT(/BIHENTER LASER SUTPUT WAVELENGTH IN MICAONS,)
FORMAT:///)

08 101 H=1,21

READ 13,ETA(N)

PRINT 20

PRINT 21

ACCEPT,DEL

PRINT 32

ACCEPT, WV
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100

123
105

10
10

104

1L
15

16

PRINT 19
ACCEPT, TAU
PRINT 17
ACCEPT, ETAL ETAG
#p;ETAL*ETAG*NV*TAU/19.86
08 100 h=1,32
GAMMA! H)wEXP(=T/TAU)
T=T+20,
PRINT 18
ACCEPT, DELF
PRINT &
ACCEPT, TK
PRINT 23
PRINT 12
ACCEPT, ALPHA
PRINT 5
ACCEPT,RHY
POP=RHO*EXP(«1,4496*DEL/TK)
PRINT 1
ACCEPT,R,RL
RH#R=1, s-zownm*a
IF(RHOR=,001)108,1
ur(u 024=RHIR) 108, 1 L
PRINT 10
GS T# 105
PRINT
PRINT
PAUSE
SIGMA= 3, THE-OU* (WV*#2)/( DELF*TAU)
IF{SENSE SWITCH 1)114,115
POP=PEP+ALPHA/ SIGMA
GO T8 116
PRINT 2
ACCEPT,R2
PRINT
ACCEPT,A1,A2
Rim1,=Al
;gr;;o;+ 12, *ALPHAWRL~LOG (R1*R2))/ { 2,%S1 GMA*RL )
PRINT b
ACCEPT, E1, TAU1
Z-.OOI&S r z.
08 117 ¢
|rfnnoa-z)!|8 119,117
In2%S
E=ETA u)
GO TH 120
E=ETA( H)=LOG! Z/RHBR)*/ ETA! N)=ETA! N=1))/LOG! SQRT! 2,))
TAU2=TAU/10, 35

" DEL1aTAU1=-TAU2

DEL 2= TAU1/( TAU=TAU1)
o:Lz:tnuz/ftuu-rAuz)
DEL DEL 2+DEL 3

D. |2| 1,3

P!-A*fDEL2&EXP(-T/TAUI +DEL3*EXP(-flTluz)-DELb*GAHHA(N))/D!Ll
P3a1, E+20#P3*EI®E/ (3, 1415927% RW*2)*RL)

IF(P3-PIP) 121,122,122
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121

122

103

129
130

106

TeT+20,

PRINT 11

GO T9 116

PRINT 14
EFF-TAUI‘DELZ*EXP\-T/TAUI)+TAUZ*OEL3*EXP(-T/TA02)
EFfu=t, £+02~LEFF-tAu*OELhtGAMMA'N))IDELI*ETAL*ETAGtE
IF(SENSE SWITCH 1)102,103

GNET==L@G(R1*R2)/(2,*RL)

DEN=GHET*( 1 ,~R2)

DEN=DEN+ALPHAR 2%( 1 , 4R 1*EXP! GNET#RL ) )* ! EXP! GNET#RL)-1, )
DENmDEIH+AT*R2*GNETHEXP( GNE T*RL )

EFF=EFFXGNET*( 1 ,=R2=-A2)/DEN

PRINT ¥5,EFF

6o 10 o&

D# 129 K=N,32

F=P3

P3-A*fDEL2*EXP(-TITAU| +DELI*EXP’ =T/ TAU2)=DELU*GAMMA/K))
Pi=t, E+¥0*PS*E|*E/ 3.1415927%(Re*2)*RL) K))/oeL
%F;P;-F 130,129,129

-#.

=P3
G-EXP(RL*SIGMA*{F-PCP))
EFFEFF/{1,+ALPHA®RL)
PRINY 16,EFF,G
PRINT 23
PAUSE

GO T@ 123
END
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Appendix B

Suggested Topics for Future Research

The development of accurate experimental methods for the
measurement of the physical properties of Laser
materials.

The measurement and tabulation of the physical
properties of Laser materials under various conditions.

An investigation of the efficiency of present pumping
sources and Laser pumping geometries,

A detailed study of the spectral output of Laser pumping
sources, ,

An experimental check of the results of the computer
model developed in this paper.

An extension of the applicability of the computer model

to elliptical pumping geometries, and to the continuous,
pulsed reflector, and halr-trigger modes of operation.
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Appendix C
Computer Printout for Sample Problem

ENTER ENERGY DIFFERENCE BETWEEN GRAUND STATE AND TERMINAL STATE IN RECIPROCAL CM,

Ea%gR LASER @UTPUT WAVELENGTH IN MICRONS,

éﬁ?E% LIFETIME OF METASTABLE STATE IN MICRASECONDS,
g§3E375AMP EFFICIENCY, GEPMETRICAL EFFICIENCY,
ENTER FLUORESCENT LINE WIDTH IN CYCLES PER SECGND,
égﬁgg‘aPERATING TEMPERATURE [N DEGREES K.

ENTER ATTENUATION CANSTANT @F HAST MATERIAL,

ERTER DAPING DENSITY IN [ONS PER CC.

TR1ER RAD RADIUS AND LENGTH IN CM.

$2138H 1 ON FOR AMPLIFIER, BFF FOR BSCILLATER, PUSH START.

ENTER REFLECTIVITY OF GUTPUT END,

ENTER ABSORPTIVITY OF CLOSED END, BUTPUT END.

;EE%;;E%AP ENERGY IN JOULES AND DECAY TIME CONSTANT IN MICR@SECONDS.,

TIME T® THRESHOLD = 4O. MICROSECONDS,
EFFICIENCY = ,2B623733 PERCENT,

ENTER ATTENUATION CONSTANT OF HOST MATERIAL.

ENTeR DOPING DENSITY IN IONS PER CC,

IMen ROD RADIUS AND LENGTH IN CM,

A AMPLIFIER, OFF FBR @SCILLATOR, PUSH START,

ENTER REFLECTIVITY @F QUTPUT END.

ENTER ABSORPTIVITY OF CLOSED END, QUTPUT END,

ggg%;;g%&% ENERGY IN JOULES AND DECAY TIME CONSTANT IN MICROSECENOS.

TIME TO THRESHOLD = LO, MICROSECUNDS,
EFFICIENCY = ,2L11572k PERCENT,

eg:ga ATTENUAT 10N CONSTANT OF HOST MATERIAL.
;2:;“ DOPING DENSITY IN IANS PER CC.,
ENTER ROD RADIUS AND LENGTH IN CM.

— ]
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§al%gﬂ 1 N FPR AMPLIFIER, @FF FPR (SCILLATAR, PUSH START,

ENTER REFLECTIVITY ¢F OUTPUT END,

%gzgn;38?2RPT|VITY (F CLPSED END, QUTPUT END,

;2;E§03AMP ENERGY IN JEULES AND DECAY TIME CENSTANT IH MICROSECONDS,

TIME T¢ THRESHOLD = 20, MICROSECHNDS,
EFFICIENCY = ,19258235 PERCENT,

ENTER ATTENUATION CONSTANT ¢9F HOST MATERIAL,

éa;gR DOPING DENSITY IN I¢NS PER CC,

ZE}ER RGD RADIUS AND LENGTH N CM,

é&l%gH 1 §N FOR AMPLIFIER, @FF FOR (SCILLATPR, PUSH START,

ENTER REFLECTIVITY ¢F (SUTPUT ENO,

ESTER ABSORPTIVITY (0F CLWSED END, QUTPUT END,

ggiég;gghg ENERGY IN JOULES AND DECAY TIME C(INSTANT IN MICROSECHNDS,

TIME TQ THRESHOLD = 20, MICROSECONDS,
EFFICIENCY = .13652181 PERCENT,

ENTER ATTENUATION CONSTANT @F HEST MATERIAL,

Eg}gk DOPING DENSITY IN 1(NS PER CC,

Zﬁ%gR RGO RADIUS AND LENGTH IN CM,

é&l%gﬂ 1 (N FOR AMPLIFIER, OFF FOR (SCILLATOR, PUSH START,

ENTER REFLECTIVITY OF QUTPUT END,

EaTER ABSORPTIVITY OF CLOSED END, QUTPUT END,

;Eg%g;gghg ENERGY IN JCULES AND DECAY TIME COHSTANT IN MICROSEC(NOS,

TIME T¢ THRESHOLD = 20, MICROSECONDS,
EFFICIENCY = 07257654 PERCENT,

ENTER ATTENUATION CONSTANT @F HOST MATERIAL.

015

§EIER DOPING DENSITY IN IONS PER CC,
9

ENTER ROD RADIUS AND LENGTH IN CM,
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A 25

SWITCH 1 ON FUR AMPLIFIER, OFF FPR @SCILLATAR, PUSH START,
EgTER REFLECTIVITY @F gUTPUT END,

ENTER ABSORPTIVITY @OF CLUSED END, QUTPUT END,

.002 ,001

ENTER LAMP ENERGY IN JPULES AND DECAY TIME COANSTANT IN MICRPSECONDS,

1000 400

TIME T9 THRESHOLD = L0, MICRUSECHNDS, . .

EFFICIENCY = ,33482683 PERCENT,

ENTER ATTENUATIQN CONSTANT ¢F H(ST MATERIAL,

Eg}gR DOPING DENSITY IN [¢NS PER-CC,

Zﬁ;gﬂ RAD RADIUS AND LENGTH IN CM,

§QI¥2H 1 ON FOR AMPLIFIER, @FF FOR (SCILLATOR, PUSH START,

EETER REFLECTIVITY OF OQUTPUT END,

ENTER ABSURPTIVITY OF CLPSED END, QUTPUT END,

EEEER;EgA% ENERGY IN JAULES AND DECAY TIME CONSTANT IN MICROSECONODS,

TIME T¢ THRESHOLD = LO, MICROSECANOS,
EFFICIENCY = ,28209428 PERCENT,

ENTER ATTENUATION CONSTANT OF HAST MATERIAL,

Ener DUPING DENSITY IN IONS PER CC.

It RAD RADIUS AND LENGTH IN CH,

W1 7CH 1 ON FUR AMPLIFIER, @FF FOR @SCILLATOR, PUSH START,

ENTER REFLECTIVITY OF PUTPUT END,

Ehren ABSERPTIVITY @F CLASED END, UTPUT END.

%EEER;EEL: ENERGY IN JAULES AND DECAY TIME CANSTANT IN MICROSECONDS,

TIME TP THRESHOLD = 40, MICROSECANDS,
EFFICIENCY = ,22397586 PERCENT,

ENTER AT?ENUATlﬂN CONSTANT (F HAST MATERIAL,

015 »

;EIER DOPING DENSITY IN I{INS PER CC,
9

ENTER RJD RADIUS AND LENGTH IN CM,
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§a|%gH 1 ON FOR AMPLIFIER, OFF FOR @SCILLATAR, PUSH START,

ENTER REFLECTIVITY @F QUTPUT END,

%EggR.sgfﬁRPTlVlTY ¢F CLASED END, QUTPUT END,

EgggRungP ENERGY IN JEUULES AND DECAY TIME CENSTANT IN MICRASECONDS,

TIME TG THRESHULD = 40, MICROSECHNDS,
EFFICIENCY = 15877670 PERCENT,

ENTER ATTENUAT ION CONSTANT GF HOST MATERIAL,
éﬁ}gk DOPING DENSITY IN I9NS PER CC,

TNT2R RAD RADIUS AND LENGTH IN CM.

Suifen 1 ON FOR AMPLIFIER, @FF FOR OSCILLATAR, PUSH START,

ENTER REFLECTIVITY ¢F @UTPUT END,

ENTER ABSORPTIVITY OF CLOSED END, GUTPUT END,

§§§§R;§§Ag ENERGY IN JOULES AND DECAY TIME CONSTANT IN MICROSECONDS.

TIME TG THRESHOLD = 40, MICROSECANDS,
EFFICIENCY = 08440750 PERCENT,

ENTER ATTENUAT 19N CONSTANT OF HOST MATERIAL.,

Eg}?R DUPING DENSITY IN IONS PER CC,

TNTRR RAD RADIUS AND LENGTH IN CM,

TN 1 N FPR AMPLIFIER, BFF FOR @SCILLAT@R, PUSH START,

ENTER REFLECTIVITY OF @UTPUT END,

ERTER ABSORPTIVITY GF CLASED END, PUTPUT END,

fgzga;gghp ENERGY IN JOULES AND DECAY TIME CONSTANT IN MICROSECONDS.

TIME TO THRESHOLD = 60, MICROSECUNDS,
EFFICIENCY = .37345961 PERCENT,

ENTER ATTENUATION CONSTANT OF HAST MATERIAL,

,015
;EISR DHPING DENSITY IN I¢NS PER CC,
ENTER RD RADIUS AND LENGTH IN CM,
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STEH 1 N FoR AMPLIFIER, @FF FOR @SCILLATAR, PUSH START,

ENTER REFLECTIVITY WF QUTPUT END,

Hiren ABSURPTIVITY §F CLASED END, MUTPUT END,

Egggﬂ;gghg ENERGY IN JUULES AND DECAY TIME CANSTANT IN MICROSECENDS.

TIME T THRESHOLD w» 60, MICROSECONDS,
FFEICIENCY = 31464271 PERCENT,

ENTER ATTENUATI(N CANSTANT OF HOIST MATERIAL,

ég}?R DGPING DENSITY [N IONS PER CC,

ZE}ER R‘ID RADIUS AHND LENGTH IN CM,

§3|?gu 1 ¢H FAR AMPLIFIER, OFF FOR ASCILLATAR, PUSH START,

ENTER REFLECTIVITY OF $UTPUT END,

%é;gn.gg?KRPTIVITY ¢F CLOSED END, AUTPUT END,

fg;gRSESMP EHERGY IN JOULES AND DECAY TIME COANSTANT (N MICROSEC@NDS,

TIME T THRESHOLD = 40O, MICRUSECHNOS,
EFFICIENCY = ,25124405 PERCENT,

ENTER ATTENUATION CONSTANT (F HAST MATERIAL.,

ERTER DIPING DENSITY IN IONS PER cc.

IKVER RAD RADIUS AND LENGTH IN CH,

S 7o 1 ON FOR AMPLIFIER, PFF FAR @SCILLAT@R, PUSH START,

ENTER REFLECTIVITY @F QUTPUT END.

tarer ABS@RPTIVITY @F CLOSED END, GUTPUT END,

gEEER;EELS ENERGY IN JULES AND DECAY TIME CANSTANT IN MICR@SECONDS,

TIME TO THRESHALD = L4O, MICRASECHNDS,
EFFICIENCY = ,1781071h PERCENT,

ENTER ATTENUATION CONSTANT OF HOST MATERIAL,

.015

;EIER DOPING DENSITY IN I¢NS PER CC,
9

ENTER RiD RADIUS AD LEHGTH IN CM,
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58 1 on FoR AMPLIFIER, OFF FOR @SCILLATER, PUSH START,

ENTER REFLECTIVITY @F QUTPUT END,

ENTER ABSHRPTIVITY OF CLGSED END, QUTRUT END,

%E&Egk;ggt‘«g ENERGY IN JGULES AND DECAY TIME CHNSTANT IN MICRGSECENDS,

TIME T¢ THRESHGLD = Lo, MICRUSECHNDS,
EFFICIENCY = 09468377 PERCENT,

éNTER ATTENUAT (N CONSTANT ¢F H(IST MATERIAL,

Eg}?R DUPIHG DENSITY IN IGNS PER CC,

ZE}éR R0 RADIUS AHD LENGTH IN CM,

§3l%gﬂ 1 N FPR AMPLIFIER, ¢FF FR (SCILLATOR, PUSH START,

ENTER REFLECTIVITY OF (UTPUT END,

EaTER ABSORPTIVITY OF CLOSED END, QUTPUT END,

%EﬁER;gghP ENERGY IN JOULES AND DECAY TIME CENSTANT IN MICRESECQANDS,

TIME T THRESHOLD = 80, MICROSECHNDS,
EFFICIENCY = 40501937 PERCENT,

ENTER ATTENUATIGN CONSTANT OF H@ST MATERIAL,

ES}ER DOPING DENSITY IN 1¢INS PER CC,

gﬁ}gR REID RADIUS AND LENGTH IN CM,

§8|$CH 1 ¢N FER AMPLIFIER, OFF FBR (SCILLATGR, PUSH START,

ENTER REFLECTIVITY OF (UTPUT ENO,

ESTER ABSORPTIVITY ¢F CLOSED END, AUTPUT END,

EEEER;EEA% ENERGY IN JOULES AND DECAY TIME CEANSTANT IN MICROUSECENDS,

TIME T THRESHGLD = 60, MICRASECANDS,
EFFICIENCY = 34123207 PERCENT,

ENTER ATTENUATI(N CONSTANT (JF H(ST MATERIAL,

015

;EIER DUPING DENSITY IN I10NS PER CC,
9

ENTER R¢iD RADIUS AND LENGTH 1N CM,
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§8I$EH 1 (N FSR AMPLIFIER, OFF FR HSCILLAT@R, PUSH START.

ENTER REFLECTIVITY HF (UTPUT END,

%é;gR'sgfﬁRPTIVITY {)F CLASED END, QUTPUT END,

§255R633MP ENERGY IN JUYULES AND DECAY TIME COANSTANT IN MICROSECENDS,

TIME T4 THRESHILD = 60, MICRPSECHNDS,
FFFICIENCY = ,2726L468h PERCENT,

CUTER ATTEMUAT 14N CONSTANT (F HOST MATERIAL,

éﬁ}éR DOPING DENSITY IN 10NS PER CC,

Eg}gR RAD RADIUS AND LENGTH IN CM,

§SI%2H 1 N FSR AMPLIFIER, (FF FPR @SCILLATOR, PUSH START,

ENTER REFLECTIVITY 4F QUTPUT END,

EETER ABSORPTIVITY (F CLUSED END, QUTPUT END,

%ESgR;EELg ENERGY IN JOULES AND DECAY TIME CANSTANT IN MICROSECONDS,

TIME T4 THRESHILD = 60, MICROSECANDS,
EFFICIENCY = ,19327961 PERCENT,

ENTER ATTENUATIGN CONSTANT @F H(ST MATERIAL,

£012R 0UPING DENSITY 1H IONS PER CC,

T512% RgD RADIUS AND LENGTH IN CM.

§SI$2H 1 ON FOR AMPLIFIER, OFF FAR ASCILLAT@R, PUSH START,

ENTER REFLECTIVITY OF (UTPUT END,

ERTER ABSORPTIVITY OF CLUSED END, QUTPUT END.

EEEER;Eghg ENERGY IN JOULES AND DECAY TIME CONSTANT IN MiICROSECENDS,

TIME T0 THRESHULD = 40, MICRESECONDS,
EFFICIENCY = ,10325479 PERCENT,

ENTER ATTENUATION CONSTANT OF H(ST MATERIAL,

015

;2{8R DUPING DENSITY IN IQONS PER CC,
9

ENTER ROD RADIUS AND LENGTH N CM,
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.7 25
SWITCH 1 ¢N FR AMPLIFIER, ¢FF FOR ¢SCIILATHR, PUSH START,
ENTER REFLECTIVITY OF (UTPUT END,

.5

ENTER AB?ﬂRPTIVlTY ()F CLYSED END, QUTPUT END,

.002 .001,

ENTER '.AMP ENERGY IN JQOULES AND DECAY TIME CONSTANT IN MICRUSECHNDS,

1750 700

TIME T¢ THRESHiLD = 120, MICROSECHNDS,
EFFICIENCY = 42796621 PERCENT,

ENTER ATTENUATION CONSTANT (1F H(OST MATERIAL,

.015

ENTER DOPING DENSITY IN IANS PER CC.
7E19

ENTER RED RADIUS AND LENGTH IN CM,

§&I%2H 1 ON FOR AMPLIFIER, @FF FOR @SCILLATR, PUSH START,

ENTER REFLECTIVITY (OF (SUTPUT ENO,

ESTER ABSORPTIVITY OF CLOSED END, @QUTPUT END,

fgzgR;gghg ENERGY IN JQULES AND DECAY TIME CENSTANT IN MICROSECANDS,

TIME TQ THRESHOLD = 100. MICROSECHNDS,
EFFICIENCY = ,36333719 PERCENT,

ENTER ATTENUATION CONSTANT @F HOST MATERIAL,

Io‘s

ENTER D(OPING DENSITY IN IQNS PER CC,

7€19

ENTEE ROD RADIUS AND LENGTH IN CM,

o7 2

SWITCH 1 9N FOR AMPLIFIER, OFF FUR OSCILLATBR, PUSH START,

ENTER REFLECTIVITY OF GUTPUT ENOD,

oI

ENTER ABS?RPTIVlTY ¢F CLOSED END, @UTPUT END,

.002 0014

E?;SR7LAMP ENERGY IN JCULES AND DECAY TIME CONSTANT IN MICRESECONDS,
00

TIME T THRESHOLD = 80, MICRPSECENDS,
EFFICIENCY = ,29041761 PERCENT,

ENTER ATTENUATION CONSTANT OF H@ST MATERIAL,
.01
;gIER DOPING DENSITY IN IONS PER CC,
9
ENTER RED RADIUS AND LENGTH IN CM,
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.7 25

SWITCH 1 UN FOR AMPLIFIER, OFF FOR ASCILLATAR, PUSH START,
EgTER REFLECTIVITY @F (QUTPUT END,

ENTER ABSIRPTIVITY OF CLASED END, AUTPUT END,

,002 0016

ENTER LAMP ENERGY IN JAULES AND DECAY TIME COANSTANT IN MICRASECONDS,

1750 700

TIME T9 THRESHOLD = 80, MICRPSECHNDS, .

EFFICIENCY = ,20587731 PERCENT,

ENTER ATTENUATIN CANSTANT OF H@ST MATERIAL,

EOTER DAPING DENSITY IN IgNS PER CC,

ERVER ROD RADIUS AND LENGTH IN CM,

3032 1 on PR AMPLIFIER, OFF FOR 8SCILLATPR, PUSH START,

ngER REFLECTIVITY oF aurfur END,

ENTER ABSURPTIVITY OF CLOSED END, QUTPUT END,

%gggn;§§§g ENERGY IN JOULES AND DECAY TIME CONSTANT IN MICRASEC@NDS, -

TIME TO THRESHALD = 60, MICR{SECHNDS,
EFFICIENCY = ,11006010 PERCENT,

ENTER ATTENUAT 10N CONSTANT OF HOST MATERIAL.,

ERTER DOPING DENSITY IN IONS PER CC.

TNT2R RgD RADIUS AND LENGTH IN cM,

301 32 1 ON FOR AMPLIFIER, OFF FOR @SCILLATOR, PUSH START,

ENTER REFLECTIVITY 9F BUTPUT END,

ERTER ABSORPTIVITY @F CLOSED END, PUTPUT END,

ggignggghp ENERGY IN JAULES AND DECAY TIME CANSTANT IN MICROSECONDS,

TIME TO THRESHOLD = 160, MICROSECPNDS, .
EFFICIENCY = LL65L105 PERCENT,

ENIER ATTENUAT ION CONSTANT AF HOST MATERIAL,
015
ENTER DIPING DENSITY IN I(INS PER CC,

7E1Y
ENTER .RAD RADIUS AND LENGTH IN CM,
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.8 25
SWITCH 1 ¢N FPR AMPLIFIER, OFF FPR ASCILLATPR, PUSH START,
EQTER REFLECTIVITY ¢F QUTPUT END,

ENTER AB?gRPTIVITY {)F CLASED END, RUTPUT END, '
.002 .00

ENTERPLAMP ENERGY IN JBULES AND DECAY TIME CANSTANT IN MiCRASECONDS,

2000 €00

TIME T THRESH(LD = 120, MICROSECANDS,
EFFICIENCY = ,38233702 PERCENT,

ENTER ATTENUATI(N CANSTANT QF HUST MATERIAL,
015
EEIER DAPING DENSITY IN I¢NS PER CC,

7€19

ENTER R@ID RADIUS AND LENGTH IN CM,

.8 25

SWITCH 1 ¢ON FOR AMPLIFIER, @FF FOR @SCILLATOR, PUSH START,
ENTER REFLECTIVITY ¢F QUTPUT END,

o7

ENTER ABS?RPTIVITY ¢F CLPSED END, @UTPUT END,

.002 ,0014

ENTERBLAMP ENERGY IN JOULES AND DECAY TIME CANSTANT IN MICROSECENDS,
2000 800

TIME T THRESH@ULD = 100, MICROSECANDS,
EFFICIENCY = ,30567409 PERCENT,

ENTER ATTENUATI(ON CONSTANT OF HAST MATERIAL,

Ea}gR DOPING DENSITY IN IPNS PER CC,

ZS}ER R(D RADIUS AND LENGTH IN CM,

§3I$2H 1 BN FOR AMPLIFIER, OFF FAR OSCILLAT@R, PUSH START,

ESTER REFLECTIVITY ¢F (UTPUT END,

ENTER ABngPTIVITY OF CLPSED END, @UTPUT END,

.002 ,001

ENTERaLAMP ENERGY IN JBULES AND DECAY TIME COANSTANT IN-MICRASECONDS,
2000 800

TIME TO THRESHALD = 80. MICRPSECENDS,
EFFICIENCY = ,2180027h PERCENT,

ENTER ATTENUATION CONSTANT (OF HAST MATERIAL,

.015

EgyER DUPING DENSITY IN I{INS PER CC,
7E19

ENTER RSD RADIUS AHD LENGTH IN CM,
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oG 25
SJITCH 1 N FYR AMPLIFIER, GFF FOR {iSCILLATUR, PUSH START,
EATER REFLECTIVITY OF OUTPUT END,

tl

rNT‘u AﬂS!RPT|V|TY "WF CLOSED END, GUTPUT END,

.002 ,001C

EHTER’LAHP EUERGY IN JSULES AND DECAY TIME CNSTANT IN MICROSECHNDS,
2000 {00

TIME Tt TURESHILO = 00, MICRASECHNDS,
EFFICIENCY = 11509273 PERCEWT,

ENTER ATTENUATION CONSTANT ¢F HUST MATERIAL,

ER}ER DAPING DENSITY IN IGNS PER CC,

Zﬁ}gR ROD RADIUS AND LENGTH IN CM,

§3|%EH 1 AN FOR AMPLIFIER, @FF FOR @SCILLATOR, PUSH START,

ENTER REFLECTIVITY @F QUTPUT END,

EaTER ABSORPTIVITY @F CLASED END, @UTPUT END,

gEESRQEGLP ENERGY IN JPULES AND DECAY TIME CONSTANT IN MICR@SEC@NOS,

TIME T¢ THRESHOLD = 200, MiCROSECANDS,
EFFICIENCY = 46175347 PERCENT,

ENTER ATTENUATIGN CHNSTANT (F HOST MATERIAL,
Eg}gR DUPING DENSITY IN INS PER CC,
ZE%?R RAD RADIUS AND LENGTH IN CM,
Il%gH 1 0N FOR AMPLIFIER, GFF FOR ASCILLATPR, PUSH START,
ENTER REFLECTIVITY 4F GUTPUT END
fﬁTFR ABSURPTIVITY oF CLYSED END, QUTPUT END,
E;EERugzhﬁ EHERGY 1H JOULES AND DECAY TIME CONSTANT tH MICROSECHNDS,
“ J

TIME T4 THRESHALD = 160, MICROSECONDS,
EFFICIENCY = .39578184 PERCENT,

ENIER ATTENUATIOH CONSTANT (F HiiST MATERIAL,
lo
EATER O9PING HENSITY IN NS PER CC,

TE1Y
ERTER R0 RADIUS AND LERGTH 1N CM.
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W& 25

S(lTQi 1 (N FUR AMPLIFILER, (GFF FER (.SCILLAT(R, PUSH START,

TUTER REFLECTIVITY (F ©UTPUT ENHD,

07

EUTER ADSORPTIVITY (F CLUSEL END, GUTPUT END,

.002 ,001h

EHNTER LAMP ENERGY 11 JCGULES ANO DECAY TIME COMSTANT N MICRUSEC(HDS,
2250 $00

TIME T¢¢ THRESH{ELD = 140, MICRASECGHDS,
EFFICIENCY = ,3106771h PERCERT,

ENTER ATTRNUATICN CONSTAMT F Hi'ST MATERIAL,

Eg}gR DIPING DENSITY IN 1CMS PER CC,

ZE}ER RED RADEUS AND LERGTH IN CM,

§%l$2“ 1 N FUR AMPLIFIER, ¢FF FI'R (JSCILLATUR, PUSH START,

ENTER REFLECTIVITY ¢F CUTPUT END,

EﬁTER ABSCRPTIVITY GF CL{SED EHD, (UTPUT END,

EEEER;EEA? ENERGY 1N JEULES AND DECAY TIME CCNSTANT 1N MICROSECEHDS,

TIME Tt THRESH{LD = 120, MICRESECHNDS,
EFFICIENCY = ,22608244 PERCENT,

ENTER ATTEHUATICN CoNSTANT ('F HiST MATERIAL,

015

ENTER DUPING DENSITY 1M I(NS PER CC,

7E|0

ENTER R RADIUS AND LENGTH IN CM,

9 25

SWITCH t N FOR AMPLIFIER, (‘FF FPR (*SCILLATCR, PUSH START,
ENTER REFLECTIVITY 0F ¢UTPUT END,

.Y

ENTER ABSGRPTIVITY ¢F CL{SED END, QUTPUT END,

.002 ,0018

ENTER LAMP EMERGY 1IN JCULES AND DECAY TIME CONSTANT N MICR(SECENDS,
2250 900

TIME T@ THRESHOLD = 100, MICR{SECHNDS,
EFFICIENCY = 12094952 PERCENT.

ENTER ATTENUATIEN CONSTANT F HOST MATERIAL,

015

EN{ER OPING DENSITY [N IINS PER CC,
7E19

ENTER R(D RADIUS AND LENGTH IN CM,
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;w%$cn 1 ON FOR AMPLIFIER, UFF FOR @SCILLATAR, PUSH START,

ENTER REFLECTIVITY @F (UTPUT END.

EaTER ABSORPTIVITY ()F CL@SED END, @UTPUT END,

EEE%R;E%&P ENERGY IN JOULES AND DECAY TIME CANSTANT IN MICRPSEC@NDS,

TIME T¢) THRESHOLD = 280, MICROSECHNDS,
EFFICIENCY = 46515682 PERCENT,

ENTER ATTENUATION CONSTANT ¢F HAST MATERIAL,

EiEn DOPING DENSITY IN IPNS PER CC,

Zﬁ%gn ROD RADIUS AND LENGTH IN CM,

Litien 1 N FOR AMPLIFIER, OFF FOR @SCILLAT@R, PUSH START,

ENTER REFLECTIVITY @F QUTPUT END,

Egrsn ABSORPTIVITY @F CL@SED END, GUTPUT END,

ggsgk;ggég ENERGY IN JBULES AND DECAY TIME CONSTANT IN MiICROSECANDS.

TIME TQ THRESHOLD = 200, MICRESECONDS,
EFFICIENCY = ,00678021 PERCENT,

ENTER ATTENUATIUN CONSTANT @F HOST MATERIAL,

ERTeR DUPING DENSITY IN IONS PER CC,

%5i§R RAD RADIUS AND LENGTH IN CM,

SWITCH 1 ON FOR AMPLIFIER, @FF FOR @SCILLATOR, PUSH START,

ENTER REFLECTIVITY OF PUTPUT END.

?égga.sgfgapTIVITv OF CLASED END, BUTPUT END,

ENTER, LAMP ENERGY IN JOULES AND DECAY TIME CANSTANT IN MiCROSECONDS,

TIME TO THRESHOLD = 160. MICR@SECONDS,
EFFICIENCY = ,32815479 PERCENT,

ENTER ATTENUATION CONSTANT ¢F HOST MATERIAL.

015
;EI;R DOPING DENSITY IN IONS PER CC,
ENTER R@AD RADIUS AND LENGTH IN CM,
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;W%?CH 1 N FOR AMPLIFIER, OFF FAR @SCILLATAR, PUSH START,

ENTER REFLECTIVITY OF GUTPUT END,

%§;§R'gg?2RPTIVITY BF CLHSED END, QUTPUT END,

ggggthssP ENERGY IN JPULES AND DECAY TIME CANSTANT IN MICR@SECONDS,

TIME T¢ THRESHOLD = 140, MICRASECHNDS,
FEFFICIENCY = ,23429432 PERCENT,

ENTER ATTENUAT 1N CONSTANT @F H@ST MATERIAL,

ENTER DOPING DENSITY IN 1ONS PER CC.

INTER ROD RADIUS AND LENGTH IN CM.

SHITCH 1 BN FOR AMPLIFIER, @FF FOR @SCILLAT@R, PUSH START,

ENTER REFLECTIVITY @F QUTPUT END,

é§gga ABSORPTIVITY OF CLOSED END, GUTPUT END.

ENTER LAMP ENERGY IN JPULES AND DECAY TIME CONSTANT IN MICRPSECONDS,

TIME TP THRESHOLD = 120, MICRPSECONDS,
EFFICIENCY = ,12536659 PERCENT,

ENTER ATTENUATION CONSTANT OF HOAST MATERIAL,

ES}ER DEPING DENSITY IN IQNS PER CC,

Zﬁ}gR ROAD RADIUS AND LENGTH IN CM,

;Q}Téa 1 ON FOR AMPLIFIER, OFF FOR @SCILLATAR, PUSH START,

ENTER REFLECTIVITY OF QUTPUT END,

gaTER;ABSDRPTIVITY OF CLOSED END, QUTPUT END,

E;EgR;g%&P ENERGY IN JOULES AND DECAY TIME CANSTANT N MICRASECONDS,

TIME T@ THRESHALD = Lk40, MICRASECANDS,
EFFICIENCY = 44557654 PERCENT,

EN{gR ATTENUATION CONSTANT ¢F H@ST MATERIAL,
.0

;EI;R DEPING DENSITY IN IONS PER CC,

ENTER RAD RADIUS AND LENGTH IN CM,
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STER 1 N FoR AMPLIFIER, @FF FOR @SCILLATAR, PUSH START,

ENTER REFLECTIVITY OF QUTPUT END,

teren ABSORPTIVITY OF CLASED END, QUTPUT END,

ggigk;ggég ENERGY IN JOULES AND DECAY TIME CANSTANT IN MICROSECONDS,

TIME T¢ THRESHOLD = 280, MICROSECANDS,
EFFICIENCY = 40847202 PERCENT,

ENTER ATTENUATION COANSTANT ¢4F H@AST MATERIAL,

ég}gR DIPING DENSITY IN IQNS PER CC,

zﬁ}gR ROD RADIUS AND LENGTH IN CM,

gQ}T%S 1 N FOR AMPLIFIER, OFF FOR ASCILLATOR, PUSH START,

ENTER REFLECTIVITY 9F QUTPUT END,

%é;gn.gg?zRPTIVITY @F CLASED END, @UTPUT END,

g;;gR‘%SSP ENERGY IN JAULES AND DECAY TIME CONSTANT IN MICR@SECONDS,

TIME T¢ THRESHOLD = 200, MICROSECENDS,
EFFICIENCY = ,33578956 PERCENT,

ENTER ATTENUATION CONSTANT ¢F HAST MATERIAL,

Eg}gR DNPING DENSITY IN IONS PER CC,

ZS}gR ROD RADIUS AND LENGTH IN CM,

;Q}Tga 1 ON FuR AMPLIFIER, BFF FAR ASCILLATOR, PUSH START,

ENTER REFLECTIVITY ¢F GUTPUT END,

ESTER ABSORPTIVITY (IF CLOSED END, AUTPUT END.

g;EER;;gbs ENERGY IN JAULES AND DECAY TIME CANSTANT IN MICROSECPNOS,

TIME TO THRESHOLD = 160, MICROSECONDS,
EFFICIENCY = ,24159533 PERCENT,

ENTER ATTENUATI(N CONSTANT OF HOST MATERIAL,

+015
;QISR ONPING DENSITY IN IQNS PER CC,
ENTER RAD RADIUS AND LENGTH IN CM,
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;W}Téa 1 ON FAR AMPLIFIER, OFF FPR (SCILLATPR, PUSH START,

ENTER REFLECTIVITY @F QUTPUT END,

EaTER ABSORPTIVITY OF CLOSED END, @UTPUT END,

ggiER;ggég ENERGY IN JOULES AND DECAY TIME CENSTANT IN MICR@SECANDS,

TIME TQ THRESHOLD = 140, MICRESECANDS,
EFFICIENCY = ,12928915 PERCENT,

"ENTER ATTENUAT ION CANSTANT @F HPST MATERIAL.

ERIER DOPING DENSITY IN I@NS PER CC.

Zg}ga RED RADIUS AND LENGTH IN CM,

SNITER 1 N FOR AMPLIFIER, FF FAR OSCILLAT@R, PUSH START,

ENTER REFLECTIVITY @F QUTPUT END,

ERTER ABSORPTIVITY OF CLOSED END, @UTPUT END,

ENTZR'UANP ENERGY IN JAULES AND DECAY TIME CONSTANT N MICROSECONDS.
3000 1200

THRESHOLD NOT REACHED, |NCREASE LAMP ENERGY.

fng?osAMP ENERGY IN JOULES AND DECAY TIME CONSTANT IN MICROSECONDS,
1 0

TIME T0 THRESHALD = 20, MICRPSECANDS,
EFFICIENCY = ,54229826 PERCENT,

ENTER ATTENUATION CONSTANT OF H@ST MATERIAL,

ENTeR DGPING DENSITY IN IONS PER CC.

MR RED RADIUS AND LENGTH IN CM,

STen 1 ON FOR AMPLIFIER, OFF FAR #SCILLAT@R, PUSH START,

ENTER REFLECTIVITY OF QUTPUT END.

ESTER ABSORPT.IVITY OF CLUSED END, BUTPUT END.

§§§5R|§3&P ENERGY IN JOULES AND DECAY TIME COWSTANT IN MICROSECONDS.

TIME T@ THRESHOLO = 400. MICROSEC{NDS,
EFFICIENCY = 39978959 PERCENT,
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ENTER ATTEHUATION CONSTANT OF HiST MATERIAL.
015
ENTER DIPING DENSITY IN IQNS PER CC,

E1¢

7E19

ENTER R(D RADIUS AND LENGTH IN CM,

1.2 25

SWITCH 1 ON FOR AMPLIFIER, AFF FOR @SCILLATAR, PUSH START,

ENTER REFLECTIVITY @F QUTPUT END,

.7

ENTER ABS?RPTIVITY @F CLOSED END, @UTPUT END, .
.002 0014

ENTER LAMP ENERGY [N JOULES AND DECAY TIME CONSTANT IN MICROSECONDS.

3000 1200

TIME T4 THRESHILD = 260, M!CRUSECHNDS,
EFFICIENCY = ,33931019 PERCENT,

ENTER ATTENUATI(GN CONSTANT OF H(IST MATERIAL,

.015

ENTER DOPING DENSITY IN IONS PER CC,

7E19

ENTER R;) RAJIUS AND LENGTH IN CM,

1,225

SWITCH 1 N FUR AMPLIFIER, ¢FF FOR (ISCILLATAR, PUSH START,

.?TER REFLECTIVITY OF QUTPUT ENOD,

ENTER AsngPTIVITY OF CLOSED END, QUTPUT END,

.002 001

EWTER LAMP ENERGY IN JUULES AND DECAY TIME CONSTANT IN MICRISECONDS,
3000 1200

TIHE T THRESHALD = 20Q, MICRASEC(NDS,
EFFICIENCY » ,24636118 PERCENT,

ENTER ATTENUATI(N CONSTANT (IF HOST MATERIAL,

ég%gR DIPING DENSITY 1N IINS PER CC,

gﬁ}ék RiD RADIUS AHD LENGTH IN CM,

?Qnga 1 ON FUR AMPLIFIER, ¢FF FOR (SCILLATAR, PUSH START,

ENTER REFLECTIVITY OF QUTPUT END,

o9

EggER AgSgRPTIVITY OF CLOSED END, QUTPUT END, .
EN;gngAgP ENERGY IN JUULES AND DECAY TIME CONSTANT IN MICROSECONDS,

0 0 .

TIME T/} THRESHILD = 160, MICROSECHNDS,
EFFICIENCY = ,13279791 PERCENT,
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